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ABSTRACT OF DISSERTATION

OPTICAL METASURFACES
Traditional optical elements, such as refractive lenses, mirrors, phase plates and polarizers
have been used for various purposes such as imaging systems, lithographic printing, astronomical observations and display technology. Despite their long-term achievements, they
can be bulky and not suitable for miniaturization. On the other hand, recent nanotechnology
advances allowed us to manufacture micro&nano scale devices with ultra-compact sizes.
Metasurfaces, 2D engineered artificial interfaces, have emerged as candidates to replace
traditional refractive lenses with ultra-thin miniaturized optical elements. They possess
sub-wavelength unit cell structures with a specific geometry and material selection. Each
unit cell can uniquely tailor the phase, transmission and polarization state of the light. A
pre-determined distribution of the unit cells in the transverse plane can provide certain
functionality to mimic the traditional optical elements with a few wavelength thicknesses.
Due to the requirement of sub-wavelength periodicity, they provide high sampling which
can be critical for high numerical aperture requirement. Regarding different functionality and fabrication methods, several base material options exist. Due to ohmic resistance,
plasmonic unit cells in the transmission mode may suffer from high loss and operate with
low efficiency. On the other hand, all-dielectric metasurfaces are free of ohmic losses
and suitable for standard lithographic fabrication techniques. The most common options
are electron-beam and photo-lithography. Despite its common availability, electron-beam
lithography is costly and slow in general. Additionally, the longitudinal degree of freedom
on the unit cell geometry is not accessible, which causes high-index material requirements
to achieve full control on wavefront shaping. This thesis details design and fabrication techniques of low-index metasurfaces fabricated by two-photon lithography techniques. Contrary to electron-beam lithography, two-photon lithography allows us to explore a larger
design space including the longitudinal degree of freedom. Improvement on the design
space through two-photon lithography allows us to explore different design techniques
such as doublet structures separated by a true air gap, which is not easily accessible through
electron-beam lithography. First, we demonstrate a hybrid achromatic metalens (HAML)
based on a combination of phase plate and nanopillar structures. We achieve achromatization in the near-infrared wavelength regime with high efficiency and diffraction-limited
performance. Achromatization is achieved by a fast ray-tracing algorithm that provides target phase shift derivatives. We theoretically develop an analytical way to express the target

phase shift over the interface. Experimental verification is done using several lens geometries. We show that introducing a true air gap between the metasurface elements allows
us to explore different portions of the design space within the fabrication limits. Next, we
adapted the same ray-tracing algorithm to an ultra-broadband achromatic metalens from
the visible into the short-wave infrared with diffraction-limited performance. We replace
nanopillars with nanoholes to obtain a smaller period and higher durability. Experimental
verification is done through several performance tests including high-resolution imaging
and verification of achromatization over the whole spectrum. Finally, we extend our design and fabrication techniques to model tunable metasurface doublets. We experimentally
verify that the focal length of the doublet structure changes as the function of the mutual rotation angle of the elements. Finally, we present high-index dielectric metasurface doublets
generating different vortex modes as the function of discrete rotation angles. We explore
both converging and Bessel beams yielding various vortex modes.
KEYWORDS: Metasurface, Metalens, Two-photon Lithography, Achromatic, Orbital Angular Momentum, Moire-Lens
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Chapter 1
Introduction
Among the four fundamental forces, electromagnetic interaction is the most studied and
engineered one in every aspect of life. Understanding the nature of light has been a significant driving force in the course of science. The past few decades witnessed many groundbreaking inventions in optoelectronics and photonics. The metasurface concept can be
included due to its light-weight compact structure and superior performance in wavefront
shaping. A few wavelength thick metasurface may ultimately replace a hand-size camera
objectives. In this chapter, we will give a general idea of the importance of metasurfaces.
We will start with a brief historical background on the development of optical instruments.
Then, we will talk about the diffractive optical elements (DOE). We will finish the chapter
by explaining the metasurface concept.
Optical systems are one of the most critical elements for many high technology products. Refractive lenses, mirrors, prisms and waveplates are the conventional optical elements used for centuries. They can tailor the properties of light by imposing continuous
phase retardation determined by their geometric and material properties. Despite their
long-term achievements for centuries, conventional optical elements have several design
and fabrication challenges: First, a well-performing optical system may require several
elements with challenging opto-mechanical constraints. Although introducing aspheric or
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freeform surface profiles can relax this requirement, such surface profiles are not commercially available off-the-shelf products. Second, miniaturization may not be possible for
micro and nano scale devices. For example, most sensor applications require a micro-scale
focusing element to condense the incident light within the pixel volume. The necessity
of broadband operating spectrum and high numerical aperture may cause spherochromatism due to extreme curvatures. Additionally, diffraction effects can be dominant for a few
wavelength aperture sizes [4].
Diffractive optical elements, on the other hand, operate by utilizing interference and
diffraction phenomena. They are ultra-thin, light-weight, and can reach a variety of application areas. Diffraction gratings, Fresnel zone plates and kinoforms are the most well-known
examples. In particular, a few wavelength thick ideal kinoform can focus the incident light
with transmission function [5]


2iπ
( f0 −
Tkino f orm (r, λd ) = exp
λd

q



f02 + r2 )

(1.1)

where λd , f0 and r are the design wavelength, focal length and radial coordinate, respectively. Such a transmission function can create a hyperbolic phase profile to build up a
constructive interference at the focal point. Under the paraxial approximation, kinoforms
produce an infinite number of intermediate focal lengths as a function of diffraction order
as
fm =

f0 λd
mλ

(1.2)

with a diffraction efficiency [6]


sinπ(α − m)
ηm =
α −m
where α =

λd n(λ )−1
λ n(λd −1)


(1.3)

and n(λ ) is the refractive index of the material as the function of

wavelength. Eqn. 1.2 implies that kinoforms have a chromatic aberration profile inversely
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proportional to the wavelength and independent from the material properties. Additionally,
diffraction efficiency reaches 100% at λd and degrades quickly for the rest of the spectrum.
Limited bandwidth and severe chromatic aberration prevent them from being used in most
imaging systems. Combining two or more DOEs may partially eliminate such problems
at the cost of limited accessible numerical aperture (NA) and challenging fabrication processes [7,8]. Recently, multi-level diffractive lenses (MDL) have been proposed by several
research groups [9–11]. Such lenses possess a variable surface relief profile with a few
wavelength thicknesses. The iterative optimization method provides the surface relief profile over MDL so that the target transmitted wavefront is generated. Due to the variable
surface relief profile, MDL can only be fabricated with single-step grey-scale or multi-step
lithography techniques [12]. Similar to other DOEs, MDLs may possess a sampling period
size in the order of multiple wavelengths. This may prevent them from being used as a
focusing element in place of the microlens array for a few wavelength pixel sizes. Further
reduction in the sampling period may also cause degradation in efficiency.
Metasurfaces can be considered a particular type of thin optical element (TE) with subwavelength unit cell structures. Unlike standard DOEs, they operate based on the waveguide principle and allow only the zeroth-order diffraction. Each unit cell structure traps
a specific portion of incident light through total internal reflection (TIR), and particular
waveguide modes are excited. Trapped light possesses an absolute group velocity less than
the speed of light in the vacuum (c), so that additional phase delay is generated compared
to the untrapped portion. Group velocity can be tuned by altering the geometry and material selection of the unit cell [13]. Metasurfaces can also tailor the polarization state of the
light by using birefringent materials. Simultaneous control of phase and polarization can
be achieved by tuning the geometry and rotation angle of the unit cell [14, 15].
An ideal unit cell operates with a unit magnitude of reflection or transmission depending on the operation mode. Early design examples were based on plasmonic structures.
Despite their achievements as the proof of concept, they suffered from high ohmic losses
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in the transmission mode [16–19]. On the other hand, dielectric metasurfaces are immune
to absorption losses and available for various refractive index selections [20–22]. They
can be fabricated with a single layer using photo-lithographic printing techniques. The last
decade has witnessed tremendous efforts on plasmonic and dielectric metasurface design
studies for different portions of the electromagnetic spectrum. However, high efficiency
and large NA metasurfaces operating in the visible spectrum was not demonstrated until 2016 [23]. Vast potential for several applications such as color routers [15], optical
trapping [24] and biomedical devices [25] has attracted many research groups since then.
Some fast-developing sub-topics are broadband chromatic aberration correction, orbital
angular momentum (OAM) generation with different vortex modes, and holographic imaging [26–31].

1.1

Metasurface Design

A metasurface can be modeled as an electromagnetic boundary condition between two
media [32]. Under the assumption of fully transparent materials, the generalized Snell’s
law is [33]
sin(θt ) = sin(θi ) +

λd 0
φ (dr)
2π

(1.4)

where θt and θi are the transmitted and incident angles, respectively. φ 0 (dr) is the phase
derivative created by two successive unit cell elements at the radial coordinate r. For a
normally incident wave, we have φ 0 (dr) =
distance f0 , one may impose φ 0 (dr) =

2π
λd

2π
λd sin(θt ).

√

r
.
fo2 +r2

To implement focusing property at a

Integration of the phase derivative gives

the same phase shift as equation 1.1. Fig. 1.1b shows the target phase phase distribution of
a 5 µm diameter metalens under normal illumination at λd = 532 80 µm. Target phase shift
can be achieved by selecting proper sub-wavelength elements over the interface. Under
the assumption of a quasi-periodic unit cell distribution and sub-wavelength period, we
may consider only the zeroth-order Fourier component of the transmitted wave, which is
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Figure 1.1: Metasurface Design. Two metasurfaces with different functionalities are explored. The material is chosen as titanium-dioxide, TiO2 , with refractive index n=2.42 at
λd = 532 nm. a-b, Target phase profiles for OAM generator and metalens, respectively.
Design parameters are ` = 2 and f0 = 4µm. As represented by the intersection of dashed
lines, the target phase profiles for the spatial coordinate x0 =(0.3 µm, 0 µm) are 2.8 and 5
rad. c, Phase shift and transmission as a function of radius. The nanopillars have a fixed
height h = 600 nm while the radius, r, is swept from 50 to 110 nm. The required radius
values at x0 read 79 and 100 nm for the OAM generator and metalens, respectively.
the average field just above the unit cell [34]. A set of parameters, ~a, of a generic unit
cell geometry is simulated under plane wave illumination. For example, Fig. 1.1c reveals
the phase shift and transmission as a function of the radius of a TiO2 nanopillar. Upon
obtaining phase shift and transmission as a function of the geometric parameters, we may
determine the unit cell geometry over a metasurface by minimizing the penalty function

f (~a) = ∑ |eiφ (~x) − T (~a)eiφ (~a) |

(1.5)

~x

in every discrete location of ~x so that ~a(~x) is determined.

Complete phase shift coverage (0 to 2π) and high transmission are key design requirements
for full wavefront control under the narrow-band illumination. However, broadband functionality requires optimization for over the whole spectrum. We may update the penalty
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Figure 1.2: Unit Cell Examples for Chromatic Aberration Correction. Extended library is
achieved by sweeping several parameters. a-b, Schematic of amorphous silicon nanopillars
operating at NIR regime are given. Height and period are fixed at 750 and 1400 nm,
respectively. The remaining geometrical parameters are swept within the fabrication limits.
c, Unit cell element made of TiO2 and operating at visible and NIR regimes are shown.
Period, P, and height, H, are 370 and 350 nm, respectively. Width, W, and length, L, of
the cross are variable. c, A TiO2 unit cell structure operating in the visible spectrum is
given. Height and period of the unit cell are 600 and 400 nm, respectively. Length, l, and
width, w, of the rectangular cross-section of each pillar are swept to achieve an extended
library [1–3].
function 1.5 as
f (~a) =

∑ ∑ |eiφ (~x;λi) − T (~a; λi)eiφ (~a;λi)|

(1.6)

{λi } ~x

where {λi } is the set of wavelengths within the spectrum range. An optimization over
an infinite set of λi may require either analytic solution of wave equation or global optimization over the total volume. As an alternative, one can perform an optimization over a
discrete set of wavelengths. However, this may not guarantee effective performance over
the whole spectrum and may require a long computational run. A good trade-off between
these two techniques is optimization through dominant Taylor expansion terms of eiφ (~x;λ ) .
The frequency-dependent target phase shift that produces on-axis achromatic focusing can
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Figure 1.3: Extended library and first three expansion terms of a 30 µm diameter metasurface with 0.2 NA. a, Extended library of the unit cell structure given in Fig. 1.2d. b-c-d,
required and realized phase shift, GD and GDD for all elements are given [2].
be expanded around design frequency, ωd =

φ (r, ω) = φ (r, ωd ) + (ω − ωd )

2π
cλd ,

∂φ
∂ω

as [2]

+ (ω − ωd )2
ωd

∂ 2φ
∂ ω2

+...

(1.7)

ωd

The first and second derivative terms are called as group delay, GD, and group delay
dispersion, GDD, respectively. Explicit expansion of each term gives

φ (r, ω) = ωd

fo −

p

r2 + f0
c

!
+ (ω − ωd )

fo −

!
p
r2 + f0
.
c

(1.8)

The first-term on the RHS guarantees focusing of light at ωd . The second term imposes
a phase shift requirement having linear dependence on ω. The absence of the third and
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higher-order terms implies that GDD and the higher-order derivatives should vanish over
the transverse plane of the metasurface. However, this may not be satisfied through a
simple pillar geometry. Achromatization may require complex unit cell geometry with
several sweep parameters. A few examples are shown in Fig. 1.2. In particular, Fig.
1.2d shows a TiO2 unit cell including three pillars on top of the fused silica substrate. A
sweep through width and length of each pillar geometry provides an extended library, as
shown in Fig. 1.3a. Each point corresponds to a unique geometry in the 6-dimensional
space (w1 , l1 , w2 , l2 , w3 , l3 ). Figs. 1.3e-f-g show the required and realized phase, GD and
GDD, respectively, for an NA=0.2, EPD=14 µm achromatic metalens. Upon selecting unit
cell geometry over the surface, one can simulate the whole structure with proper boundary
selections.
The design example above can focus broadband visible light on a predetermined location with an error less than 9%. One can achieve higher NA and larger aperture sizes by
expanding the limits of the library. This can only be possible by introducing more free
parameters or increasing the aspect ratio. However, such unit cells may not be available
through current fabrication techniques.

1.2

Motivation and Thesis Outline

The main goal of this thesis is to detail low refractive-index metasurface designs based
on unit cells that vary in the third dimension. Such structures can be fabricated using a
relatively new technique called multi-photon lithography. Chapter 2 and 3 explore a raytracing technique to eliminate the chromatic aberration for daylight and near-infrared(NIR)
spectrum. Chapter 4 focuses on a varifocal doublet zoom lens tunable by the mutual rotation of the elements. Proposed structures in chapters 2,3 and 4 are fabricated through
two-photon lithography (TPL). Chapter 5 discusses a high-index metasurface doublet that
generates focusing and Bessel beams with variable vortex modes.
More specifically, chapter 2 presents a novel achromatic metalens design operating in
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near-infrared wavelength regime. We implement a recursive ray tracing algorithm and introduce an analytical target phase shift formula. Instead of simultaneous correction of the
expansion terms, we only consider the phase shift requirement, which greatly simplifies
the unit cell geometry. We show that a simple nanopillar with two free parameters can
effectively eliminate the chromatic aberration. In chapter 3, we extend the chromatic aberration correction regime to the daylight spectrum. High-efficiency values are preserved in
the NIR spectrum while maintaining the same focal length error. Subwavelength unit cell
requirement and fabrication limitations are overcome by introducing a nanohole structure.
In chapter 4, we extend our design technique to realize varifocal doublet metasurfaces. We
design and fabricate 3D doublet metalens with tunable focal length. Based on the Moire
lens principle, the variable focal length is obtained through the elements’ mutual rotation
with respect to the optical axis. Chapter 5 introduces a high refractive-index all-dielectric
metasurface doublet with variable vortex modes. We show that a set of discrete rotation
angles produces different vortex modes. Our design can generate either Bessel or focusing
beams with variable vortex modes based on the initial phase profile selection. The former design can produce a beam immune to diffraction, i.e., the transmitted light does not
spread out within a certain range of longitudinal distance. The latter design performs as a
lens producing converging wavefront with non-vanishing vortex modes.

Copyright© Fatih Balli, 2021.
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Chapter 2
A Hybrid Achromatic Metalens
The material in this chapter was presented in [35].

Metalenses, ultra-thin optical elements that focus light using subwavelength structures,
have been the subject of a number of recent investigations. Compared to their refractive
counterparts, metalenses offer reduced size and weight, and new functionality such as polarization control. However, metalenses that correct chromatic aberration also suffer from
markedly reduced focusing efficiency. Here we introduce a Hybrid Achromatic Metalens (HAML) that overcomes this trade-off and offers improved focusing efficiency over a
broad wavelength range from 1000 - 1800 nm. HAMLs can be designed by combining
recursive ray-tracing and simulated phase libraries rather than computationally intensive
global search algorithms. Moreover, HAMLs can be fabricated in low-refractive index
materials using multi-photon lithography for customization or using molding for mass production. HAMLs demonstrated diffraction limited performance for numerical apertures of
0.27, 0.11, and 0.06 with average focusing efficiencies greater than 60% and maximum
efficiencies up to 80%. A more complex design, the air-spaced HAML, introduces a gap
between elements to enable even larger diameters and numerical apertures.
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Figure 2.1: Hybrid achromatic metalenses and broadband near infrared images. A hybrid
achromatic metalens (HAML) combines a phase plate and a metalens to simultaneously
correct chromatic aberration and improve focusing efficiency. a, Schematic representation
of a HAML illustrating broad-band focusing. b, The unit structure of a merged HAML
consists of a phase plate and nanopillar. The thickness of the phase plate, t, as well as the
diameter, d, and height, h, of the nanopillars are variable. The period, P, is fixed. Each
set of t, h, d yields a different phase shift. c, The unit structure of an air-spaced HAML
consists of a phase plate, an air-spaced separation of thickness S, a second phase plate, and
a nanopillar. t1 and t2 are the thickness of the first and second phase plates, respectively. d,
Scanning electron microscope (SEM) image of a 20 µm diameter, 0.27 NA HAML. Both
the phase plate and the pillars of the metalens are clearly visible. e-f, SEM images of 40
µm diameter merged (0.11 NA) and air-spaced (0.32 NA) HAMLs fabricated with multiphoton lithography on fused silica substrates. g-h, Broadband, near infrared imaging with
a HAML with 300 µm diameter, 0.02 NA, and an optical bandwidth of 700 nm (1000 to
1700 nm). Blind deconvolution is applied to all images. i, Image of standard 1951 USAF
target. The maximum spatial frequency resolved by the metalens is 40.3 line pairs/mm.
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2.1

Introduction

Traditional optical components rely on the continuous phase shift of light. On the other
hand, metalenses [36, 37] are based on discontinuous phase variation [38, 39], achieved using sub-wavelength, quasi-periodic structures [40]. Metalenses are thin, light weight, can
manipulate polarization [38], and can be mass produced using planar processes similar to
those used in microelectronics. Despite these advantages, most metalenses only provide
high focusing efficiency near their design wavelength as the result of chromatic aberration [41–47]. Recent efforts have focused on creating extended libraries of nanostructure
geometries, and their corresponding wavelength dependent phase shifts, that enable simultaneous correction of chromatic aberration while maintaining high transmission efficiency. [1, 2, 48–54]. However, this approach requires exotic pillar shapes with high aspect
ratios that greatly increase fabrication difficulty. Most importantly, even these complex
designs have not yielded focusing efficiencies comparable to monochromatic metalenses.
Multi-level diffractive lenses (MDLs) offer an alternative approach to achromatic focusing with quasi-flat optics [55–57]. MDLs relax the single feature-height constraint adopted
by most metalenses and can be fabricated with lower resolution lithography. These lenses
are designed by global optimization algorithms that search for an appropriate surface, a
technique that can be computationally intensive and limit exploration of the design space.
Moreover, focusing efficiency of MDLs still appears to be limited to values only slightly
higher than achromatic metalenses. [56, 57]
In contrast, the hybrid achromatic metalenses presented here are formed by merging a
phase plate and a metalens into a single thin element as shown in Fig. 2.1 d-e. They can
be designed by combining recursive ray-tracing, similar to traditional diffractive systems,
and phase libraries, similar to metalenses. In contrast to most metalenses, HAMLs can be
fabricated in low refractive-index materials. This provides simple access to 3D geometries
using multi-photon lithography or molding instead of multi-level or grayscale lithography and etching processes. Again, relaxing feature height constraints provides additional
12

degrees of freedom such that HAMLs can simultaneously reduce chromatic aberration,
improve focusing efficiency, and preserve polarization insensitivity. Here we design, simulate, fabricate, and characterize merged HAMLs with three different aperture sizes that
all exhibit diffraction limited performance, high focusing efficiency, and chromatic aberration correction over the broad spectral region from 1000 - 1800 nm. To further increase
lens diameter and numerical aperture, we introduce air-spaced HAMLs which retain broadband correction and diffraction limited performance, but at the expense of efficiency and
replication by molding.

2.2

Results

Theory. Diffractive doublets can provide achromatic focusing [58] and can be designed
using recursive ray-tracing algorithms [59–61]. In fact, recursive ray tracing can be applied to any optically thin element (TE), including metalenses, that introduces a position
dependent phase-shift. Here we use this technique, as illustrated in Fig. 2.2a and detailed
in the methods section, to design a phase plate and a metalens which combine to correct
chromatic aberration. We then merge these two elements into a single element, a HAML,
that is only a few wavelengths thick. To better understand the design space, we also consider air-spaced HAMLs which split the phase plate into two elements separated by several
wavelengths. The algorithm first traces a ray forward from the object plane to the image
plane using λmin . Then, a ray is traced backward from image plane to object plane using λmax . This process repeats after replacing the phase derivative at the location of the
backward ray with the phase derivative at the location of the forward ray. The algorithm
terminates when all points on the optical elements are determined and φ 0 (r) converges to a
closed loop as shown in Fig. 2.2b.
We find that the phase derivative as a function of radial coordinate, r, is well approxi-
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Figure 2.2: Design process for hybrid achromatic metalenses. a, The phase derivative vs.
position of the two optically thin elements (TE1: phase plate, and TE2 nanopillar metalens)
are determined using recursive ray tracing. First, rays are traced with λmin from the object
plane to the image plane (blue rays). Then, rays are traced with λmax from object to image
(red rays). The process repeats until the design converges. b-c, Phase derivative vs. radial
coordinate for both optical elements of merged and air-spaced metalenses, respectively.
Closed loops spanning both positive and negative radial coordinates indicate convergence
of the algorithm. Dashed lines represent an analytic approximation of the phase derivatives
for each element. The first and second quadrants represent diverging designs, while the
third and fourth quadrants provide converging designs. d-e, Phase shift vs. radial position
for each element for a 20 µm EPD lens with 0.27 NA (merged) and 0.35 NA (air spaced),
respectively. Dashed lines represent the wrapped phase of the fabricated thin elements.
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mated by

φ±0 (r) =

q
√
± 2EPDφo0 EPD2 + 4φo02 − 8r2 + (EPD2 − 4φo02 ) cos(2ψ) + r(EPD2 − 4φo02 ) sin(2ψ)
2(EPD2 cos2 (ψ) + 8φo02 sin2 (ψ))
(2.1)

where φo0 , EPD and ψ are the phase derivative at r = 0 µm, entrance pupil diameter of the
lens and rotation angle of the ellipse, respectively. φo0 , r and EPD are normalized by the
unit length, L = 1 min, for simplicity. Vanishing rotation angle gives
s
φ±0 (r) = ±φo0

1−

4r2
.
EPD2

(2.2)

This algorithm provides two possible designs for each element. The first and second quadrants of Fig. 2.2b yield diverging lenses, and the third and fourth quadrants yield converging lenses. Two diverging elements will not yield a focusing lens. Two converging elements
can only correct chromatic aberration if the rays cross the optical axis [60], which is not applicable for the hybrid lens investigated here. Combining converging and diverging designs
enables correction of chromatic aberration without requiring rays to cross optical axis. We
choose the third quadrant for the phase plate (φo0 = 0.47 rad/µm) and the first quadrant
for the metalens (φo0 = 0.48 rad/µm). The maximum error between approximate and exact
phase derivatives is 0.04 rad/µm. Integration over radial position gives target phase shift,
φ (r), as
φ (r) =

πφo0
2

 s
2r



2r 
4r2
1−
+
EPD
arcsin
.
EPD
EPD2


(2.3)

Figure 2.2d plots the final phase shift verses position for each element. We also include
the expression for the target phase shift in case of non-vanishing rotation angle in Methods
section.
Design. The two building blocks of a HAML are shown in Fig. 2.1b. The lower part
contains square cross-section phase plate and the upper part contains a nanopillar-based
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metalens. A similar hybrid design has been used to shape spectral transmission and produce
printed color filters [62]. In contrast, our hybrid metalens shapes the wavefront while
maximizing broadband transmission. We now design a phase plate and a metalens that
meet the phase-shift requirements of Fig. 2.2d at λmin = 1 µm. These will be combined
into a HAML with the features shown in Fig. 2.1b. We call this single layer structure a
merged HAML. We also design air-spaced HAMLs that include true separation between
the TEs as shown in Fig. 2.1c. These type of lenses provide higher NA values than their
merged counterparts but with reduced efficiency (see Methods section).
The phase shift of the phase plate is given by φpp =

2π
λ (n − 1)t

where n and t are

refractive index at λmin and thickness of the phase plate, respectively. For the multilevel
metalens, the nanopillar diameter, d, and height, h are variable and both influence the
phase shift. The center-to-center distance between nanopillars or period, P, is kept fixed at
1 µm. The period is chosen to eliminate loss due to diffraction while satisfying fabrication
λ
. We constrain
limitations. This period easily meets the Nyquist sampling criterion P < 2NA

the edge-to-edge distance between pillars to reduce coupling effects [38] and avoid collapse
during fabrication.
Finite-difference time-domain (FDTD) simulations were used to build the phase library
for each pillar shape which is shown in Fig. 2.3a. The phase shift through the nanopillars
was limited to 2 rad to ensure that the required aspect ratios could be fabricated reliably.
The remaining target phase shift for the metalens is compensated by appropriately thickening the phase plate under the pillar. This transfer of phase shift between the elements
proves successful because of the lack of physical separation in the hybrid design.
Although there is no physical separation between thin elements, an effective distance is
established by the finite size of the elements. We assume an effective thickness of λmin for
merged HAML design and check this assumption with FDTD simulations. λmin is a relatively small distance compared to the BFL and EPD, which prevents the algorithm from
converging to a physically realizable design for certain combinations of NA and EPD.
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Figure 2.3: Hybrid achromatic metalens design and fabrication. a, Phase shift library for
the metalens element at minimum wavelength λmin = 1 µm. Variables are diameter (275550 µm) and height (0.8 − 2 µm) b, Solid model of merged HAML having NA=0.27
and EPD=20 µm. c, Merged and air-spaced regions of convergence for the recursive ray
tracing algorithm. d-e, SEM of HAMLs. From left to right, aperture values are 80 and
20 µm, respectively. f, SEM of Air-spaced HAML having aperture value 20 µm.
Figure 2.3c shows accessible achromatic merged designs using the recursive algorithm.
However, through simulation, we found that an extra thickness in hyperbolic form could be
q

p
EPD2
1
2
2
2
f + 4 − f +r .
added to the phase plate as a function of radial position as t = n−1
This additional thickness enabled us to obtain higher NA values for a fixed aperture size
without greatly compromising efficiency or chromatic correction. For example, we could
increase the 20 µm EPD design from 0.14 to 0.27 NA before the efficiency began to degrade. In all cases we limited total thickness to 3.9 µm. Further increases in NA and
EPD can be achieved by adding a true separation between the phase plate and the metalens
(increasing S). Ray tracing provides a converging design as shown in 2.2c and e. NA is
improved from 0.18 to 0.35 after setting S as 7 µm. A detailed comparison for different S
values is provided in Methods section.
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Experimental Results. To test our HAML designs, we fabricated 3 different merged lenses
having EPD 20, 40 and 80 µm and NA values 0.27, 0.11 and 0.06, respectively. Additionally, we fabricated 40 µm EPD, 0.32 NA air-spaced HAMLs. The lenses were fabricated
on 0.7 mm thick fused-silica substrates using “dip-in” multi-photon lithography. Multiphoton lithography exploits two-photon crosslinking in the focal volume of an ultrafast
laser pulse to create true 3D structures in a single process step. [63, 64] Fabricated metalenses are shown in Fig. 2.1e-f and 2.3d-f. Lenses were characterized using a collimated
beam from a supercontinuum source. The wavelength was swept from 1000 to 1800 nm,
and we measured the intensity as a function of 3D position with respect to the lens.
Figure 4a plots cross sections of optical intensity in the focal plane and in a plane
containing the optical axis for each wavelength. As can be seen in Fig. 2.4b, the lens
exhibits a nearly diffraction limited point spread function at all wavelengths. This is quantified in Fig. 2.4c which compares measured and diffraction-limited ( 0.514λ
NA ) full-width at
half-maximum (FWHM) for all three lenses. The focusing efficiency for all lenses and
wavelengths is within the range 38 − 83% as shown in Fig. 2.4c. Focusing efficiency is
defined as the ratio of total power around the on-axis focal point within the circle having
radius 1.5 × FWHM to the incident power on the metalens. [55] Average efficiency values
are 61%, 67%, 27%, and 66% for 20, 40, 40(air-spaced) and 80 µm EPD lenses, respectively. Maximum efficiencies occur at the longest wavelength (1800 nm) for merged lenses
and are ∼ 80% for all three diameters as shown in Fig. 2.4d. The shift in the focal length
as a function of wavelength is plotted in Fig. 2.4e. Here we see that the maximum shifts in
focal length over the wavelength range of interest are 8.6%, 8.2%, 8.1% and 5.4% for 20,
40, 40(air-spaced) and 80 µm diameter lenses, respectively. Finally, the measured Strehl
ratio is presented in Fig. 2.4f. Most measurements are higher than 0.8, which reveals
the diffraction limited performance of our design. Method section provides an additional
comparison between measurement and simulation for the 20 µm aperture HAML.
To reveal the imaging performance of HAMLs we fabricated a 300 µm diameter and
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Figure 2.4: Experimental characterization of hybrid achromatic metalenses. a, Measured
achromatic focusing of a collimated beam by a HAML (NA= 0.27, EPD=20 µm) located
at z = 0. Intensity distribution in focal plane (top), and intensity distribution in plane containing the optical axis (bottom). The focal plane is 34.5 µm from the lens. b, Comparison
of measured intensity (blue line) to Airy disk (dashed red line) at the focal plane. The
lens is essentially diffraction limited at all wavelengths. c, Comparison between diffraction
limited and measured FWHM. Red, blue, cyan and green dashed lines represent diffraction
limited FWHM for 20, 40, 40 (air-spaced), and 80 µm diameter lenses, respectively. d, Focusing efficiency vs. wavelength for four different lenses. e, Focal length error measured
as a function of wavelength for four different lenses. HAMLs improve focusing efficiency
while maintaining achromatic performance across the entire wavelength range. f, Strehl
ratio measurement results for four lenses. Source data are provided as a Source Data file
for Figs. 4c-f.
f/20 lens. Figure 2.1i shows the highest frequency group of USAF target resolved by the
HAML under broadband NIR illumination (1000 nm to 1700 nm). Compared to the diffrac-
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tion limited cut-off frequency (50 line pairs/mm for λ = 1 µm) the maximum frequency
resolved is 40.3 line pairs/mm (group-5 element-3). The measured contrast at the aforementioned frequency is 0.089 while the diffraction limited value for λ = 1 µm is 0.104.
We note that the images are taken under broadband illumination where longer wavelengths
have lower cut-off frequencies. These comparisons illustrate the diffraction-limited performance of our metalens.

2.3

Discussion

To put these results in context, we first compare the residual chromatic aberration of
our lens vs. published data for a near-IR metalens. An achromatic metalens designed
for a wavelength range of 1300-1600 µm (NA=0.24, EPD=100 µm) demonstrated a focal length error less than 5% around the mean focal length and maximum efficiency of
∼ 55% [1]. The merged HAML described here with similar NA but smaller diameter
(NA = 0.27, 20 µm EPD), demonstrated a similarly small focal shift of < 4.8% around
the mean focal length, but over a much broader NIR wavelength range (1000-1800 nm).
The focusing efficiency of the 0.27 NA merged HAML over this broad range (83% maximum and and 67% average) was also significantly higher than the metalens mentioned
above. A merged HAML with a diameter similar to this metalens (80 µm) required a reduced NA of 0.06; however, the low focal length error and high focusing efficiency are
retained over the broader wavelength range. To combine larger diameters with higher numerical apertures, air space HAMLs were required. Our air-spaced HAML with NA = 0.24
and EPD = 100 µm provides broader-band correction with comparable focal length error (4.8%) and diffraction-limited performance at the expense of lower efficiency (22%
maximum and 19% average). Higher NA (0.32 NA, 40 µm EPD) air-spaced designs also
retained comparable broad-band chromatic aberration correction and focusing performance
as well as similarly reduced efficiency (34% maximum and and 27% average).
Although it is difficult to compare devices operating over different spectral regions,
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achromatic metalens designed for visible wavelengths can also provide some context. In
the visible wavelength range, GaN-based achromatic metalenses with NA = 0.106 and EPD
= 50 µm offer diffraction-limited performance with an average focusing efficiency of 40%
and a maximum efficiency of 67% [52]. Our most similar merged HAML design (NA =
0.11, EPD = 40 µm) provides an average efficiency of 67% and a maximum efficiency of
83%. An achromatic multilevel broadband diffractive lens for visible light with NA = 0.05
and EPD = 100 µm yielded an average efficiency value of 42% [56]. Our most similar NIR
HAML (NA = 0.06 and EPD = 80 µm) provided an average efficiency of 65.6% with a
maximum efficiency of 75%. A TiO2 -based metasurface with NA=0.2 and EPD=26.4 µm
and operating in the visible range yielded a focal length error less than 9% [2]. Our most
similar HAML design (NA = 0.27, EPD = 20 µm) has a maximum shift in focal length of
8.6%.
The bandwidth, efficiency, and diffraction-limited focusing of the hybrid achromatic
metalenses presented here indicate that embracing true 3D geometries can lead to significant performance improvements for planar optics without greatly increasing their thickness. In addition, these structures need not be overly complex to design, fabricate, or
replicate. Specifically, the phase-plate/pillar HAMLs presented here can be designed using
ray tracing and small-volume, periodic FDTD simulations, and this approach should be extensible to more sophisticated combinations of refractive, diffractive, and sub-wavelength
structures. Likewise, despite their 3D nature, the relatively simple geometry of the merged
HAMLs could also be patterned using existing grayscale and/or multilevel lithographic
processing. Such techniques could reduce dimensions and enable visible wavelength designs even if multi-photon processes with smaller features sizes are not developed in the
near future. However, if multiphoton processes are used to form the phase plate, while
higher resolution processes are used for the pillars, the overall performance could be limited by the lower resolution process. Finally, the non-reentrant geometry of the merged
HAMLs should allow high-volume replication by molding. In contrast, air-spaced HAMLs
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require true 3D fabrication processes, but they also offer a path to larger diameters and numerical apertures. These favorable performance and manufacturing attributes indicate that
hybrid metalenses are excellent candidates for achromatic focusing and collimation. Their
multi-element design approach and the increased degrees of freedom inherent in true 3D
structures suggest that HAMLs may ultimately improve imaging as well.

2.4

Methods

Recursive Ray Tracing. Figure 2.2a illustrates the recursive ray-tracing algorithm used to
design a phase plate and a metalens. The design algorithm uses only two wavelengths, λmin
and λmax , the minimum and maximum wavelengths of the range of interest respectively.
The angle of a ray after diffraction, βnew , is determined by the phase derivative,

dφ
dr ,

the

incident angle, βold , and the free space wavelength λ as

sin βnew = sin βold +

λ dφ
.
2π dr

(2.4)

The radial position of the ray on the second optically thin element (TE) is determined by

rnew = rold + d tan β

(2.5)

where rold and rnew are the old and new radial coordinates respectively, and d is distance
between the TEs. We assume radial symmetry and initialize the recursive algorithm with
the desired distance between the image plane and the phase plate, the distance between
TEs (d), the back focal length (BFL), the phase derivative at radial coordinate r1 on TE 1,
φ 0 (r1 ) =

dφ
dr1 .

First, a ray is traced forward from the object plane to the image plane with

λmin . Knowing the r1 , φ 0 (r1 ) pair, we can trace the ray from TE 1 to TE 2 and then TE 2
to image plane. This procedure determines the set (r2 , β2 , φ20 , β3 ). Second, a ray is traced

22

backward from image plane to object plane with λmax to determine (r3 , β4 , φ30 , β5 ). This
process is repeated after replacing (φ30 (r), r3 ) with (φ10 , r1 ) . Each iteration will determine
two (φ 0 (r), r) pairs for each TE and the process will terminate when all points on the TEs
have been determined. Iteration can be terminated when φ 0 (r) converges a closed loop. For
all lenses presented here the object plane was placed at infinity and thus β1 = 0.
Multi-photon Lithography. HAMLs were fabricated using a Nanoscribe Photonic Professional GT and IP-Dip photoresist (Nanoscribe GmbH, Germany) with a 63× objective in
dip-in mode. The phase plate was processed as an STL file. The metalens dimensions were
exported from Lumerical FDTD to the processing package (Describe). The hatching and
slicing distance for the phase plate was set to 100 nm. The optimal laser power for phase
plate writing was 17 mW, 18 mW, and 20 mW for the 20 µm, 40 µm, and 80 µm diameter
lenses respectively. The pillar structures were written as single lines using piezo mode with
a settling time of 150 ms. The stage velocity was 200 µm/s. The laser power was adjusted
for each pillar based on a library of interpolated measurements between the laser power
and pillar radius (see Fig.2.5). We also use supporting structures for air-spaced lens fabrication to hold the second TE on top of the first one. [65,66] After exposure, the sample was
developed with 2-Methoxy-1-methylethyl acetate (PGMEA) (Avantor Performance Materials, LLC.) for 30 minutes to remove the unpolymerized resin. The sample was directly
immersed in isopropyl alcohol (Fisher Scientific) for 2 minutes to remove the developer
(PGMEA). Finally, To protect the metalens array from deformation due to surface tension
of the IPA evaporation, the sample was immersed immediately in a lower surface tension
liquid (Novec 7100 Engineering fluid from Sigma-Aldrich) for 30 seconds and left to dry
or dried in a supercritical dryer (Leica EM CPD300). Some lenses exhibited slight bridging of the photoresist between some pillars and/or bending of a few isolated pillars. No
obvious degradation in performance was noticed as a result of these types of defects.
Finite-difference Time Domain Simulations. Finite-difference time domain (FDTD) sim-
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ulations were conducted using Lumerical’s FDTD solver. We used Cauchy’s equation
to model the wavelength dependent refractive index of IP-Dip photoresist (Nanoscribe
Gmbh.) Its refractive index is 1.534 at λ = 1000 nm and 1.529 at λ = 1800 nm. [67]
The wavelength range of interest was 1000-1800 µm. We used a total field-scattered field
(TFSF) source with pulse length, offset and bandwidth of 6.6 fs, 19 fs and 133 THz, respectively. We used periodic and perfectly matching layer boundary conditions for transverse
and longitudinal directions, respectively. Field intensity at the focal plane was obtained by
the 2D frequency domain field and power monitor. We used the longitudinal component of
the Poynting vector to obtain the focusing efficiency. We also use the same type of monitor
in order to evaluate the power intensity distribution between focal plane and the metalens.
A non-uniform mesh was used and the element sizes were automatically determined the by
the software. The mesh accuracy was chosen as a compromise between accuracy, memory
requirements and simulation time.
Our design approach assumes that we can simply sum the phase shifts of the phase
plate and the nanopillars to acquire the total change in phase. To check our assumption we
compared two cases with FDTD simulations. First, we located phase plate and nanopillar
combinations on top the fused silica substrate and swept the phase plate thickness, along
with the height and diameter of the nanopillars. Second, we swept the height and diameter
of the nanopillars on top of fused silica substrate without the phase plate. We observed that
the total phase of nanopillar and phase plate combination can be approximated as the sum
of individual phase shifts by the phase plate and the nanopillars. The largest phase error
was 0.4%.
Optical Testing. A filtered supercontinuum source (SuperK EXTREME EXW-6 from NKT
Photonics) was used for illumination. The continuous bandwidth of 1150 − 1800 nm is accessible using an acousto-optic filter (SuperK Select) while discrete wavelengths of 1000
and 1100 nm were obtained by combining a long-pass filter (SuperK Split) and bandpass
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filters (Thorlabs FB1000-10 & FB1100-10). The collimated beam is aligned to the metalens’ optical axis. The focal plane of the metalens is imaged on the camera sensor by a 40x
objective (Nikon M Plan 40 NA 0.55) and a tube lens (Mitutoyo MT-1). The image is captured by a broadband camera (NINOX-VS-CL-640 from Raptor Photonics). The metalens
is translated along its optical axis by a motorized stage (Thorlabs MTS25-Z8) in increments of 2 µm. For focus error measurements the increment was reduced to 0.5 µm. The
objective and tube lens are optimized for the visible and visible-NIR wavelegnth ranges, respectively. This introduces chromatic aberration into the measurement apparatus that must
be corrected. To accomplish this, we imaged a pinhole while sweeping the wavelength
from 1000-1800 µm. We fit a diffraction-limited Airy function to the pinhole image to determine the plane of best focus. The focal length error and z-coordinate of power intensity
graph were compensated based on this measurement. To determine focusing efficiency, we
integrate the power intensity on the focal plane within a circle having radius 1.5 × FWHM
and compare to the total power incident on the surface of the fused silica in an area equal
to the aperture of the lens.
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Figure 2.5: Determination of pillar radius vs. laser power. a, SEM image of one of 11
fabricated nanopillar arrays. The laser power for this array was 13 mW. The height of the
pillars is 1.5 µm. b, Pillar diameter as a function of laser power with the linear fit shown.
Imaging. Broadband illumination was provided by a tungsten-halogen lamp filtered through
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a long pass filter with a cut-on wavelength of 1000 nm (Thorlabs FEL1000). The image
formed by the metalens was relayed to the broadband camera (NINOX-VS-CL-640) using
a 10x objective (Newport M-10X 0.25). The camera’s quantum efficiency is relatively flat
between 1000 nm and 1650 nm and falls off sharply towards 1700 nm. Thus, the camera
response sets an effective long wavelength limit. Blind deconvolution was performed in
MATLAB.
Control of Nanopillar Diameter. To optimize the multi-photon lithography process, we
measured the diameter of the nanopillars as a function of laser power. We fabricated 11
different 10 × 10 nanopillar arrays with average powers ranging from 14 − 36 mW. An
example is shown in Fig.2.5 which plots average diameter as a function of laser power.
We fit a linear function to find the required laser power in order to obtain the target pillar
diameter.
Comparison of Simulated and Experimental HAML Performance. In the main text, we
compared the hybrid metalens point-spread function (PSF) to the diffraction limited PSF.
EPD 20 μm , NA 0.27
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Figure 2.6: Comparison of simulated and experimental results for the 20 µm EPD HAML.
a, Simulated vs experimental focal plane intensity distributions. Red dashed line and blue
continuous lines represent experimental and simulated data, respectively. b, Comparison
of FWHM, focusing efficiency, and focusing error for experimental and simulated lenses.
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Focusing efficiency and focusing error were compared to other reported achromatic metalenses. However, the 20 µm EPD lens is small enough for the entire lens to be simulated
using FDTD. Fig. 2.6 compares simulated vs. experimental results for each figure of merit.
The simulated and experimental PSF match well (Fig. 2.6a,b) with a maximum deviation
of the FWHM at λ = 1300 nm of 0.7 µm. The average focusing efficiency values are
61% (experimental) and 80% (simulated) as shown in Fig. 2.6b. Deviations are likely due
to residual inaccuracies and defects in the fabrication. The normalized focal length error
shows excellent agreement between simulated and experimental results as well (see Fig.
2.6c).
Exploring the 3D Design Space. The ray tracing method provides us different lens powers
for different separation distances between the TEs. Higher NA values can be obtained by
increasing the amount of separation between TEs. However, this results in rotation of the
phase derivative curve with respect to the origin. In order to well-approximate the trend,
we fit an ellipse function to the phase derivative curve as a function of radial coordinate

a

b

c

Figure 2.7: Simulation results for the 20 µm EPD air-spaced HAML for various separation distances, S, between the elements. a, Highest NA within the region of convergence
for a given separation distance. b-c Simulated average focusing efficiency and average focal length error as a function of separation distance. The average is taken by 9 different
wavelengths from 1000 to 1800 nm with 100 nm step size.
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and rotation angle. The integration with respect to radial coordinate gives
±EPDφo0
φ± (r, ψ) =
arctan
2

s

8r2
r
+ φ 0 (r, ψ).
2
2
02
2
02
EPD + 4φo − 8r + (EPD − 4φo ) cos(2ψ) 2
(2.6)

Figure 2e shows an example of non-zero rotation angle. In our plot, we set the parameters
as EPD=22.6, 20 µm, φo0 = 0.39, 0.44 rad/µm and ψ = 1.2◦ , 1.5◦ for the first and second
TEs, respectively.
We define the separation as the distance between the maximum height of the first TE
and bottom layer of the second TE. We limit the maximum separation between the TEs to
7 µm due to fabrication limitations and low focusing efficiency values beyond this limit.
However, the finite size of the TEs should be considered in the ray tracing algorithm to
obtain the correct target phase shift. In our design, the correction term is added to the
separation distances as 1 and 3.5 µm for the merged and air-spaced HAML structures,
respectively.
To explore the design space, we fabricated two sets of lenses with same aperture size
(40 µm) and different focal lengths (NA = 0.06, 0.32). The effective separation distance
between the lenses are chosen as 1 µm and 10 µm for NA=0.06 and 0.32 lenses, respec-
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Figure 2.8: Experimental results for the 100 µm EPD, 0.24 NA air-spaced HAML. a,
Measured FWHM at focal plane. Dashed and continuous lines represent experimental and
diffraction-limited data, respectively. b, Measured focusing efficiency values. c, Normalized focal length error as the function of wavelength.
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tively. We simulate and experimentally verify that additional separation between the lenses
results in higher NA values compared to merged HAML as shown in Fig. 3c. In order to
explore the effect of separation distance on performance, we sweep the distance for a fixed
aperture size HAML. We choose EPD and separation range as 20 µm and 2 − 7 µm. The
longer separation allows us to reach higher NA values. Fig. 2.7a shows the trend of NA for
different distances. While a decrease in focusing efficiency is noted, shown in Fig. 2.7b,
the air-spaced HAML remains achromatic as shown in Fig. 2.7c.
In order to test the validity of Eq. 2.6 for larger aperture sizes, we fabricated a 100
µm EPD and 0.24 NA air-spaced HAML with 7 µm separation. Although diffractionlimited performance is achieved, a drop in focusing efficiency is noted. Fig. 2.8b shows
the focusing efficiency values for a set of discrete wavelength range. The average focusing
efficiency is 19% which is considerably lower than the merged HAML performance.
Dispersion Characteristics of Nanopillars. Two geometrical variables of the nanopillar
structure allow us to choose different height and radius pairs that satisfy the target phase
shift at a specific radial coordinate. Among the sets, we choose the pair which minimizes
the penalty function |eiφ (R) − T (h, d)eiφ (h,d) | where T (h, d)eiφ (h,d) is the complex transmission as a function of height and diameter of the nanopillars. An example plot of phase is
provided in Fig. 3a of the main text, and Fig. 2.9a provides an example plot of transmission
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Figure 2.9: Transmission and dispersion characteristics of the nanopillar structure a, Absolute transmission of the nanopillars at λmin for different height and diameter values b-c,
Group delay and group delay dispersion of the nanopillars.
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Figure 2.10: Optical testing setup with approximate distance between components. Distance between the metalens and objective lens is variable and controlled by the motorized
translation stage. The incident light emerges from the supercontinuum light source (not
shown). For imaging, and the objective and tube lens relay the image formed by metalens
to the focal plane array of the NIR camera with approximate 45X magnification.
at λmin in terms of the geometrical variables. Alternatively, one could consider a penalty
function that minimizes the phase error of a HAML structure across the entire wavelength
range of operation. This optimization would exploit the geometrical dependence of group
delay and group delay dispersion, as illustrated in Fig. 2.9 b and c. Such an optimization
may further reduce the focal length error, but such an improvement is likely to come at the
expense of focusing efficiency as transmission would necessarily receive reduced weight
in the penalty function. Thus, we expect optimization of HAMLs with more complex, and
application dependent, penalty functions to be an important subject for future work.
Optical Testing Apparatus
The apparatus for characterization of the metalenses is shown in Fig. 2.10. The key
components are a supercontinuum source, a motorized translation stage, an objective lens,
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a tube lens, and a broadband (VIS-NIR) camera.
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Chapter 3
An Ultrabroadband 3D Achromatic
Metalens
The material in this chapter was presented in [68].
We design and fabricate ultra-broadband achromatic metalenses operating from the visible into the short-wave infrared, 450 − 1700 nm, with diffraction-limited performance. A
hybrid 3D architecture, which combines nanoholes with a phase plate, allows realization
in low refractive index materials. As a result, two-photon lithography can be used for
prototyping while molding can be used for mass production. Experimentally, a 0.27 NA
metalens exhibits 60% average focusing efficiency and 6% maximum focal length error
over the entire bandwidth. In addition, a 200 µm diameter, 0.04 NA metalens was used to
demonstrate achromatic imaging over the same broad spectral range. These results show
that 3D metalens architectures yield excellent performance even using low-refractive index
materials, and that two-photon lithography can produce metalenses operating at visible
wavelengths
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3.1

Introduction

Metalenses, lenses composed of quasi-periodic subwavelength structures, have received a
great deal of attention due to their compact size, light weight, efficient wavefront shaping,
and polarization conversion properties [36–40, 69]. On the other hand, correction of chromatic and off-axis aberrations remains challenging [41–47]. Most achromatic metalenses
have been limited to either visible or near-infrared (NIR) operation [1, 2, 48–54, 70]. Recent attempts to extend the corrected wavelength range have yielded broadband metalenses
with diffraction-limited performance from 640 to 1200 nm [3]. However, such designs lack
achromatic behavior over a significant portion of the visible spectrum and do not extend to
the short-wave infrared (SWIR) limits of emerging broadband image sensors. Additionally,
the aperture size of the aforementioned metasurface design is around 20 µm. The metalens
dimensions may be expanded by extending the geometrical design space at the expense of
fabrication difficulties and long computational time. These limitations restrict their usage
in day-night vision systems, hyperspectral imaging, and other ultra-broadband applications
In this paper, we present an achromatic metalens operating with diffraction-limited
performance over almost two octaves from 450 to 1700 nm. This spectral range is well
matched to visible-to-shortwave infrared image sensors that are becoming available. Achromatization is provided by phase plate and nanohole structures that are merged to a single
layer lens as shown in 3.1(a-c). Most metalenses use planar geometries and high refractive
index materials. In contrast, our architecture yields high performance with low-refractive
index materials by exploiting three-dimensional geometries. Our design does not require
intensive computational search, and the size is not limited by the extent of the phase shift
library. Unlike other techniques, achromatization is achieved with a phase shift library extending from 0 to 2π. Such a library can be easily obtained by sweeping a few geometrical
parameters, which greatly reduces fabrication complexity. In our previous works, we used
a variable height nanopillar metasurfaces created with two-photon lithography [35, 71].
However, these nanopillar arrays lose structural integrity when the feature size is reduced
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for operation at visible wavelengths. In this paper, we propose a novel nanohole structure
with varying depth. Our method enables smaller feature sizes from two-photon lithography
and, as a result, much broader achromatic correction.
For two-photon lithography, we use a commercial system (Nanoscribe Photonic Professional GT) operating at a wavelength of 780 nm. The metalenses were patterned in
Nanoscribe’s IP-DIP photoresist (n = 1.566 at 450 nm). It is not obvious that such a system
has sufficient resolution to produce metalenses operating at visible wavelengths. However,
we show that judicious choice of the phase-plate and nanohole geometry leads to an experimentally accessible structure. A 0.27 NA metalens designed and fabricated with this
approach exhibits a focal length shift of < 6% across the entire spectral region of interest.
The metalens designs also lack re-entrant features; thus, they could tbe molded for high
volume production.

3.2

Theory and Structure

Diffractive achromatic doublet design by recursive ray-tracing has been proposed and experimentally verified by Farn et al. [60, 61]. We recently adapted this design approach to
achromatic metalenses in the near infrared region (1000 to 1800 nn) [35]. In this paper,
we extend this approach to create a visible to short-wave infrared achromatic metalens and
identify a geometry that is amenable to 3D printing via two-photon lithography.
Recursive ray-tracing uses two thin optical elements (TE) to produce a doublet corrected at two wavelengths (λmin and λmax ). Both elements must meet target phase shift
requirements so that achromatization is achieved. As an approximation, the phase derivative and target phase shift values as the function of radial coordinate, r, and entrance pupil
diameter, EPD, are given as
s
φ±0 (r) = ±φo0
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Figure 3.1: A 3D achromatic metalenses. a, The unit structure of the metalens merges
a nanohole and a phase plate. The dimensions d, h, P and t represent diameter, height,
and period of the nanoholes and thickness of the phase plate, respectively. We set d = 0.2
µm and P = 0.4 µm. b, Scanning electron micrograph of 20 µm diameter metalens. The
structure is fabricated with two-photon lithography on a fused silica substrate. Scale bar
is 3µm. c, Zoomed-in image of 20 µm diameter metalens. The holes are clearly visible
on the surface. d, Quarter-section of 20 µm diameter metalens showing the varying hole
depth. Scale bar is 2 µm. e, Phase shift and transmission of nanoholes as the function of
depth at 450 nm wavelength. f-g, Phase derivative and the phase shift distribution as the
function of radial coordinates for EPD=20 µm and NA=0.27 achromatic metalens.
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respectively. Figure 3.1(e-f) show the phase derivative and target phase shift values for the
NA=0.27 and EPD=20 µm metalens. φo0 , r and EPD are normalized by the unit length,
L = 1 min, for simplicity. We choose the operating wavelength range as λmin = 450 nm
and λmax = 1700 nm. We introduce an effective thickness betweeen TEs although two
TEs are merged together and there is no physical seperation between them. The maximum
numerical aperture (NA) value for a given entrance pupil diameter (EPD) is limited by the
effective thickness between the TEs [35]. We choose the minimum focal length value so
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that ray-tracing algorithm converges. The maximum error between the ray-tracing solution
and approximate formula above is 0.04 rad/µm.
The two TEs, the phase plate (bottom) and nanoholes (top), are merged into a single
structure which forms the unit cell of the hybrid metalens as shown in Fig. 3.1(a). The
nanohole structure is chosen due to its higher transmission than the nanopillar [72] and advantages for fabrication. Specifically, the nanohole architecture prevents pattern distortion
and collapse that can accompany high aspect ratio pillars. Fig. 3.1(d) shows the phase
shift library as the function of depth of the nanoholes under the assumption of locally periodic structure [34]. We limit the depth of the nanoholes to 0.8 µm because of fabrication
constraints. The remaining phase shift is achieved by the phase plate structure.
The phase shift through a phase plate is expressed by the well-known formula φ (r) =
2π(n−1)t
λmin

where t, n are thickness and refractive index at λ = λmin , respectively. The period,

P, is chosen to be 0.4 µm so that only zeroth-order diffraction is present and the Nyquist
criteria (P <

λ
2NA )

is satisfied. In addition to the nanohole and phase plate structures, we
q

p
1
EPD2
2
2
2
also add extra thickness in the hyperbolic form of t = n−1
f + 4 − f +r .

For the 20-µm diameter metalens the powers of the hyperbolic layer and metastructure are
0.0222 and 0.0048 µm−1 , respectively. Despite increasing the total thickness, this extra
layer has two distinct advantages. First, we can obtain higher NA values for which recursive ray-tracing would not normally converge. Second, chromatic aberration through the
hyperbolic layer is proportional to the wavelength. This differs from the residual chromatic
aberration of the ray-tracing solution where the chromatic aberration is inversely proportional to the wavelength. Addition of the extra layer allows us to fully cancel chromatic
aberration at two different wavelength so that achromatization is achieved.

3.3

Experimental Results

To test our designs, we fabricated 2 different lenses having EPD=20, 200 µm and NA=0.27,
0.06, respectively. The lenses were fabricated on 0.7 mm thick fused-silica substrates
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Figure 3.2: Experimentally measured performance of the metalens. a, Power intensity distribution in the x-y focal plane (upper) and x-z (lower) planes. Maximum power intensity
appears around the focal plane at z ≈ 36 µm. b, Comparison of diffraction-limited Airy
function (dashed red lines) and the measured power intensity across the focal plane (solid
blue curve). We normalize the Airy fit so that the maximum intensity is unity. c, Measured focusing efficiency as a function of wavelength. d, Comparison of measured FWHM
with the diffraction limit. Dashed lines represent diffraction-limited performance. e, Focal
length error vs. wavelength. Corresponding focal plane distances are 36 and 2600 µm for
the 20 and 200 µm aperture size lenses, respectively.

using “dip-in” multi-photon lithography. Multi-photon lithography exploits two-photon
crosslinking in the focal volume of an ultrafast laser pulse to create true 3D structures in
a single process step. [64, 73] Fabricated metalenses are shown Fig. 3.1b-c. Lenses were
characterized using a collimated beam from a supercontinuum source.
Fig. 3.2a illustrates measured power intensity distributions in y-z plane and intensity
distribution at the focal plane. Fig. 3.2b compares normalized power intensity profiles at
the focal plane and the diffraction-limited Airy disk pattern. We define the focal plane as
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Figure 3.3: Imaging with EPD=200 µm, NA=0.04 metalens under halogen lamp illumination. a, Standard USAF target images for several wavelengths. b-c, Images taken under
illumination with wavelength ranges 450-1700 nm and 1000-1700, respectively. d-f Images
taken by a color camera sensitive to visible spectrum.

the z-coordinate of the maximum measured power intensity on top of the metalens. The
measured focusing efficiency as a function of wavelength is shown in Fig. 3.2c. Focusing
efficiency is defined as the ratio of integrated power within the circle having radius 1.5 ×
FWHM to the incident power on the metalens. The average efficiency values are 60% and
42% for 20 and 100 µm lenses, respectively. Comparison of measured and diffractionlimited full-Width at half-maximum (FWHM) at the focal plane is also provided in Fig.
3.2d. Diffraction limited performance is clear from the plot. The focusing error vs. wavelength is shown in Fig. 3.2e. We define the focusing error as the normalized difference
between the nominal and the measured focal length. The maximum deviation from the
mean focal length is measured as 6% showing that the metalens has effectively corrected
chromatic aberration over the entire visible to short-wave IR bandwidth.
We tested the imaging performance of EPD=200 µm and NA=0.04 metalens using
the standard USAF target. Fig. 3.3a shows the imaging results for group 5 (where 5-4
represents 45.3 line pairs/mm). Achromatic performance can be seen from the images
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taken under broadband (450-1700 nm) and SWIR (1000-1700 nm) illumination. We use a
long-pass filter for the second image where wavelengths shorter than 1000 nm are filtered
out. Practical usage of the metalens over the entire bandwidth is revealed by the Lego
image in Fig. 3.3(b). The SWIR and visible wavelength regimes were also separately
tested as shown in Fig. 3.3c-f.

3.4

Discussion and Conclusion

Despite this excellent overall performance, we observe a reduction in focusing efficiency
as the wavelength moves from the SWIR to the visible regime. The metalens’ period plays
a major role in maximizing the efficiency and transmission; as a result, higher efficiency
may be obtained from similar designs employing finer periods. Shorter wavelengths are
also more sensitive to fabrication imperfections, which may account for some additional
reduction in performance. Further advances in two-photon lithography or a transition to
gray-scale e-beam lithography may alleviate this while preserving the metalens’ 3D geometry.
Regardless, nanohole structures proved to have distinct advantages compared to nanopillars. First, nanoholes offer higher transmission as expected. [72] Equally important, nanoholes
reduced fabrication difficulties making sub-wavelength structures with higher aspect ratios accessible for operation with visible light. Finally, the nanohole-phase plate geometry should be replicable by molding for mass production. Thus, 3D metalenses based
on nanoholes are excellent candidates when achromatic diffraction-limited focusing and
imaging is required over the entire visible to short-wave IR spectrum.
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3.5

Methods

Simulation. Simulations are performed by a finite-difference time domain solver (Lumerical Inc.). We obtain the set of phase modulations for different values of hole depth under
the assumption of slowly changing geometrical parameters. A plane wave normal to the
bottom layer of the the metalens is used as the light source. A nanohole structure is located
on top the fused silica substrate and phase modulation is measured using the s-parameters
from the field and power monitor. We use periodic and perfectly matching layer boundary conditions (PML) for the transverse and longitudinal directions, respectively. The refractive index, n, of IP-Dip photoresist (Nanoscribe Gmbh) is obtained by the Cauchy’s
equation to model (n = 1.566 @ 450 nm) [67].
When simulating the entire metalens, we use a total field-scattered field (TFSF) source
which is normal to the metalens surface. We simulate only the one quarter of the structure
by taking advantage of the symmetry. Anti-symmetric and symmetric boundary conditions
are chosen for x-min and y-min boundaries while maximums are set to PML so that simulation time and memory requirements are decreased in an amount 1/4 of the full simulation.
The wavelength range of interest was set as 450-1750 µm. We set pulse length, offset and
bandwidth 6.6 fs, 19 fs and 133 THz, respectively. A non-uniform mesh was used and the
element sizes were automatically determined the by the software. The mesh accuracy was
chosen as a compromise between accuracy, memory requirements and simulation time.
The ray tracing algorithm only converges within a certain range of focal lengths for a
given EPD. For example, a 20 µm EPD metalens can provide a minimum focal length 208
µm based on recursive ray tracing alone. The corresponding phase derivative at r = 0 yields
φo0 = 0.56 rad/µm as shown in Fig. 1-f in the main text. Longer focal lengths are accessible
by choosing lower φo0 values. The target phase shifts of TE1 and TE2 are achieved by the
nanohole and phase plate (PP) structures, respectively. However, the maximum phase shift
through the nanoholes is limited to 4.1 rad. The remaining target phase requirement of TE1
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Figure 3.4: Focal length limitations and thickness of the metalens. a, Accessible (white
region) and inaccessible (orange region) metalens designs as a function of entrance pupil
diameter (EPD) and focal length. Adding an additional microlens structure with a hyperbolic thickness profile allows access to designs in the otherwise inaccessible region while
still maintaining achromatic performance. b, Thickness of the metalens as the function of
radial coordinate. Blue curve represents the thickness trend of an isolated microlens with
design parameters f=45 µm and EPD = 20 µm. Dashed red and yellow curves are total
phase plate thickness values pre and post thickness reduction procedure, respectively. The
total thickness trend of the metalens, including the nanohole structures, is represented by
the purple curve.

is achieved by thickening the phase plate structure of TE2 under the nanohole so that 0 to
2π phase shift requirement is satisfied. On the other hand, a microlens structure having f
= 45 µm and EPD = 20 µm has a maximum thickness of 1.94 µm at the optical axis as
shown in Fig. 3.4b. Summing the contribution from all three layers results in a minimum
and maximum thickness values as 0.47 and 2.74 µm at the radial coordinates r = 0 and 10
µm, respectively. We can subtract the minimum thickness from the total PP profile since
it does not contribute the total power of the system. Our simulation results reveals that no
degradation on the performance is observed after the elimination of the constant thickness
layer. Therefore, total thickness of the metalens is reduced from 2.98 to 2.51 µm at r =
0.8 µm. The total structure provides an average focal length 36 µm. We observe that the
power of the total structure is equal to individual contributions coming from the microlens
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and the metastructure.
Fabrication. The achromatic metalens was fabricated using a Nanoscribe Photonic Professional GT and IP-Dip photoresist (Nanoscribe GmbH, Germany) with a 63× objective
in dip-in mode. The structure was processed as an STL file. The hatching and slicing
distance for the phase plate was set to 50 nm. The optimal laser power for phase plate writing was 17 mW. After exposure, the sample was developed with 2-Methoxy-1-methylethyl
acetate (PGMEA) (Avantor Performance Materials, LLC.) for 45 minutes to remove the
unpolymerized resin. The sample was directly immersed in isopropyl alcohol (Fisher Scientific) for 4 minutes to remove the developer (PGMEA), and immediately immersed in
lower surface tension fluid for 30 seconds (3M Novec 7100 Engineered Fluid) to protect
the structures from deformation when they dry.
Selection of nanoholes compared to pillar structure is based on three distinct advantages
that we observed during fabrication process: First, nanopillars provide subwavelength period with durable structures. However, we observe bending of the nanopillars for periods
below 750 nm, which prevents us from reaching subwavelength unit cell structures. Second, we observe slight bridging of the photoresist between some pillars. Bending problems
become more dominant as we decrease the period. Third, we were able decrease the fabrication process time. For the hole design, we use a single STL file to process the whole
structure. Nanopillars, on the other hand, were typically written using piezo mode which
requires the system to print each pillar separately leading to longer fabrication process.
The size of the metalenses is limited by the objective used in our two-photon lithography system. Specifically, the effective printing area is defined by a 200 µm diameter
circle. The printing quality degrades due to spherical aberration for sizes larger than 200
µm. Splitting the printing area into fields and stitching them together could yield larger
structures. However, field edges cause optical power loss and create disturbing aperture
effects around the focal point. Fabrication of millimeter size lenses would be possible even
with the current hardware if the efficiency degradation and focus quality is sacrificed. Of
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Figure 3.5: Optical test setup for imaging with EPD=200 µm, NA=0.04 metalens. Object
to metalens distance, So , is chosen as 30 mm. An internal image is formed at a distance S1
from the metalens. We keep the distance between the internal image and the objective, S2 ,
variable so that desired magnification is obtained for any object size. The internal image is
relayed to a distance Si from the objective. We use an aperture stop between objective and
the camera sensor so the noise is minimized.

course, improvement of the instrumentation to reduce stitching errors would be the preferred route for improvement. The another factor limiting the size of the metalens is the
ray tracing method explained in the main text. As we increase the diameter of the metalens,
maximum accessible NA value decreases as shown in Fig. 3c in reference [35]. Further
improvement of NA for a fixed diameter is possible by adding an air gap between the optical elements. However, this extra separation introduces other trade-offs in efficiency and
fabrication difficulty.
Optical Testing and Imaging. We use a filtered supercontinuum source (SuperK EXTREME EXW-6 from NKT Photonics) for illumination. We obtain two sets of bandwidths
(450−850 nm and 1150−1800 nm) using an acousto-optic filter (SuperK Select). Discrete
wavelengths of 1000 and 1100 nm were obtained by combining a long-pass filter (SuperK
Split) and bandpass filters (Thorlabs FB1000-10 & FB1100-10). The optical setup is precisely aligned so that on-axis collimated beam was incident on the metalens surface. The
focused beam is again collimated by a 40x objective (Nikon M Plan 40 NA 0.55) and
imaged by a tube lens (Mitutoyo MT-1) on a broadband (visible to near infrared) camera
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(NINOX-VS-CL-640 from Raptor Photonics). Transverse motion along the optical axis is
obtained by a motorized stage (Thorlabs MTS25-Z8) in increments of 2 µm and 0.5 µm for
power intensity and focal error measurements, respectively. Operating bandwidth of the
objective does not cover NIR regime, which introduces chromatic aberrations additional to
metalens itself. The measure of additional aberration due to optical test setup is determined
by imaging a pinhole while sweeping the wavelength from 650-1750 nm. The true focal
point for a specific wavelength is determined by comparing diffraction-limited Airy pattern and pin hole image. We determine the focusing efficiency as the ratio of the integrated
power within the circle centered at on-axis focal point and having radius 1.5 × FWHM to
the total power incident on the metalens.
For imaging, we use a tungsten-halogen lamp to illuminate the target objects. Illumination at the target wavelength is obtained by band pass filters (Thorlabs FBX-10 series).
NIR illumination is obtained by filtering through long-pass filter (Thorlabs FEL1000). The
image formed by the matalens is relayed by a 10x objective (Newport M-10X 0.25). Under
the thin lens approximation, inverse magnification of the system is given as M −1 = 1 + S1 Φ
where Φ and S1 are total power of the system and object distance to the metalens. We
choose the object space distance as S0 ∼30 mm. We keep the objective location variable so
that suitable magnifications are obtained for different object sizes. Images under full spectrum and NIR illumination are captured by the broadband camera (NINOX-VS-CL-640).
The camera’s quantum efficiency is relatively flat between 1000 nm and 1650 nm and falls
off sharply towards 1700 nm. Thus the camera response sets a effective long wavelength
limit. We use a color microscope camera (Amscope MU1000) to capture RGB colored
images.

Copyright© Fatih Balli, 2021.
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Chapter 4
Varifocal Zoom Lens
Varifocal optics have a variety of applications in imaging systems. Metasurfaces offer
control of the phase, transmission and polarization of light using subwavelength engineered
structures. However, conventional metasurface designs lack dynamic wavefront shaping
which limits their application. In this work, we design and fabricate 3D doublet metalenses
with tunable focal length. Phase control of light is obtained through mutual rotation of the
singlet structures. Inspired by Moiré-lenses, the proposed structure consists of two alldielectric metasurfaces. The singlets have reverse phase profiles resulting in cancellation
of the phase shift in the nominal position. In this design, we show that mutual rotation
of the elements produces different wavefronts with quadratic radial dependence. Thus,
an input plane wave is converted to spherical wavefronts whose focal length depends on
rotation. We use a combination of a nanopillar and a phase plate as the unit cell structure
working at wavelength 1500 nm. Our approach holds promise for a range of applications
such as zoom lenses, microscopy and augmented reality.

4.1

Introduction

Varifocal optics have been used for a variety of purposes in different optical systems such
as zoom lens objectives and microscopy [74, 75]. Optical power of the system may be
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changed by altering the positioning of the elements. The traditional zoom lens systems is
based on displacement of the components in longitudinal direction so that light rays converge to the image plane with different angles. In general, a wider zoom range can only
be obtained by introducing longer displacement, which may result in packaging problems
and challenging alignment processes. Recently, thin optical elements such as diffractive
optical elements [76] and metasurfaces [35, 77] emerged as alternatives to traditional refractive lenses. In contrast to their refractive counterparts, these thin elements (TE) may
alter the focal length by rotation or displacement in the transverse plane. One example is
the varifocal Alvarez lens [78] based on mutual lateral displacements of TEs. Despite its
compact structure, an Alvarez lens can provide a broad zoom range at the expense of larger
transverse dimensions. A micro-mechanical system (MEMS) based metalens [79] can fix
the packaging constraint problem while maintaining the high efficiency. However, MEMSbased systems require challenging and expensive fabrication methods. On the other hand,
Moiré-based TE doublets [80, 81] can provide long range of focal length shift by the mutual rotation of the elements around optical axis. Compared to previous alternatives, they
provide compact structures with simpler fabrication processes.
Metasurfaces, ultra-thin engineered optical structures, offer precise control of transmission, phase and polarization of light [82–84]. They provide superior performance for wavefront shaping, which makes them a next generation candidate for many optical systems
such as imaging lenses, holograms, vortex beam generators and spectral filters [69, 71, 85].
One promising example is a metasurface-based varifocal zoom lens structure based on the
Moiré principle [86–88]. Some research groups have already adopted dielectric metalenses
to characterize the performance of the zoom lens design [89, 90]. The elements are fabricated on different substrates and assembled with complicated alignment methods. High
performance and efficiency can be obtained if two elements are separated by a distance on
the order of the design wavelength. However, correct positioning of TEs may require very
precise alignment techniques. This problem becomes more evident as the aperture size is
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Figure 4.1: Zoom metalens structure having variable focal length as the function of rotation
angle. a, Schematic of varifocal doublet structure. The two thin optical elements (TE) are
shown in gray (TE1) and red (TE2). TE2 is supported by columns distributed around the
perimeter. b, Unit cell structure composed of the nanohole and phase plate where t, d
and h are the thickness of the phase plate, the diameter of the hole, and the depth of the
hole, respectively. The period, P, is 1 µm. c, Phase shift and transmission as a function
of depth of the nanohole. d-e, Target phase shift for each TE is given. TE2 is rotated by
60◦ counterclockwise. The focal length and diameter are 50 and 30 µm, respectively. f,
Overall transmission function. The corresponding theoretical focal length is 64 µm.

on the order of several wavelengths. Here, we design and fabricate a rotationally tunable
multifocal 3D metalens printed on a single substrate so that alignment problems are minimized. We use a low refractive index material and multi-photon lithography technique to
fabricate the doublet structure. Separation between TEs is provided by supporting columns
which enables single step printing and positioning of TEs.
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Figure 4.2: Experimentally measured performance of the metalens. a, Fig. 2a shows
the power intensity distribution in the y = 0 plane (left) and focal plane (right). The focal length changes as the upper element rotates as predicted. b, Measured and simulated
focal lengths as the function of rotation angle. c, Comparison of measured and diffractionlimited FWHM for several rotation angles. d, Focusing Efficiency values as the function of
the rotation angle.

4.2

Theory

A fully transparent thin optical element (TE) can generate a transmission function

T (r, ψ) = exp[iΦ(r, ψ)]

(4.1)

where Φ(r, ψ) is the phase shift defined in polar coordinates (r, ψ). As shown in Fig. ??,
we may propose a doublet structure of two cascaded TEs having the reverse shift profiles

T1 (r, ψ) = exp[iΦ(r, ψ)]

(4.2)

T2 (r, ψ) = exp[−iΦ(r, ψ)]

(4.3)
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The exponential term is a separable function having the form Φ(r, ψ) = Φr (r)Φψ (ψ). The
overall transmission function gives unity due to cancellation of phase functions. Rotation
of the second TE in an amount of θ with respect to the optical axis will alter the total
transmission function as



dΦψ (ψ)
1 d 2 Φψ (ψ) 2
T (r, ψ; θ ) = exp iΦ(r)
θ−
θ + ... .
dψ
2 dψ 2

(4.4)

Setting the terms Φψ (ψ) = ψ and Φr (r) = −ar2 will give an approximate transmission
function in the form
T (r, ψ; θ ) ' exp(−iar2 θ )

(4.5)

where a is a constant. The result suggests that the selected set of phase modulation functions produce a kinoform phase profile which can be altered by the rotation angle, θ . The
doublet structure functions as a lens due to quadratic radial dependence. The corresponding
focal length is given by
f=

π
2aλo θ

(4.6)

where λo is the design wavelength. We set λo = 1500 nm and a = 3.47x1010 m−2 . Eqn.
4.6 reveals that the focal length can be adjusted from ( f aλo )−1 to ∞ by the mutual rotation
of the TEs. However, the action of rotation by the amount θ gives another sector region
producing transmission function T 0 (r, ψ; θ ) ' exp(iar2 (2π − θ )) due to the indistinguishability of two rotation angles: θ and 2π − θ . The formation of another sector may cause a
drop in efficiency and disturb image quality. We can avoid this unwanted sector formation
by updating the phase function as Φr (r) = round(−ar2 ) where the function round returns
the nearest integer value [80]. Figs. 4.1d-f show the target phase shift for both TEs and
overall transmission function generated by doublet structure with 30 µm diameter.
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Figure 4.3: Scanning electron microscope (SEM) image of a 30 µm diameter zoom lens.
Scale bar is 4 µm. a, Isometric view of the fabricated zoom lens. The rotation angle is set
to 90◦ . b, Magnified image of the center of the lens showing nanoholes
4.3

Design

The zoom lens structure is designed using a combination of the nanohole and the phase
plate as shown in Fig. ??b. Nanoholes are chosen due to more reliable fabrication and
higher transmission than their nanopillar counterparts [72]. The material has refractive
index 1.53 at the wavelength λ = 1500 nm [67]. We choose the period, P, as 1 µm to
satisfy the sub-wavelength periodicity and Nyquist criteria, P <

λ
2NA .

The radius is kept

fixed at 0.25 µm while the depth of the hole, h, varies from 0.2 to 2 µm. As shown in Fig.
??c, sweeping the depth gives a range of phase shifts with a maximum of 3.4 rad. We add
a phase plate (PP) structure under the nanohole to obtain 0 − 2π phase range. The phase
shift through the PP is calculated using the equation φ pp =

2π(n−1)t
λd

where t, λd and nd

are thickness, design wavelength and refractive index at λd , respectively. The separation
between lenses is chosen based on the Talbot distance, zT = 2P2 /λ . Due to fabrication
limitations, we choose a multiple of the Talbot distance as 2zT = 1.33 µm.
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4.4

Fabrication and Characterization

The metalens doublets were fabricated on top of a fused silica substrate. The air gap is
provided by the supporting columns distributed on the periphery of the metalenses. The
structure is processed as a single STL file and fabricated by using a Nanoscribe Photonic
Professional GT (NanoScribe GmbH, Germany). The material is IP-Dip Photoresist with
refractive index 1.53 at λd = 1500 nm. The hatching and slicing distance are set to 50
nm. Fabrication is done using a 63x objective in dip-in mode and 10 mW average laser
power. After fabrication, we remove the unpolymerized resin by immersing the sample to
2-Methoxy-1-methylethyl acetate (PGMEA) for 70 minutes. Next, we immerse the sample
to isopropyl alcohol for 4 minutes to remove residual PGMEA. We fabricated seven zoom
lens doublets with a common 30 µm aperture size and variable rotation angles ranging
from 60◦ to 150◦ with 15◦ step size.
The experimentally measured results for each structure are shown in Fig. 4.2. We
evaluated the metalenses’ performance with several criteria. First, we plot power intensity
distribution in the focal and longitudinal planes. We define the focal length as the maximum intensity point in the longitudinal plane. Fig. 4.2b shows the focal length values
for different rotation angles. Measured focal length values are inversely proportional to
rotation angle as eqn. 4.6 indicates. Next, we measure the full-width at half-maximum
(FWHM) of the focal spot and compare it with the simulation results. Last, we measure
focusing efficiency as a function of angle, as shown in Fig. 4.2c. Focusing efficiency is
defined as the ratio of total integrated power within a circle centered at the focal point having radius 1.5xFWHM to the total power incident on metalens surface. The minimum and
maximum values are 10.1% and 18.1%, respectively. Our results are lower than previously
reported single metalens efficiency values. This is due to combined losses of each TE and
the boundaries of the air gap between TEs.
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4.5

Conclusion

In summary, we have presented a rotationally tunable varifocal 3D metalens. We designed
and tested seven different metalens doublets that differed by their mutual rotation angles
varying from 60◦ to 150◦ . We have shown that the focal length changes as the function of
the mutual rotation angle. Performance of the metalenses is evaluated by several design
criteria and compared with the simulation results. When coupled with an appropriate mechanical actuator, we believe that our approach can be used for micro-size imaging systems
where active control of the optical power is demanded.

Copyright© Fatih Balli, 2021.
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Chapter 5
Rotationally Tunable
Polarization-Insensitive Metasurfaces
for Generating Vortex Beams
The material in this chapter was presented in reference [69].
The orbital angular momentum (OAM) of light has been applied to a variety of areas such
as optical tweezers, interferometry, and high-resolution microscopy. [91,92] Metasurfaces,
two-dimensional engineered structures with subwavelength features, give access to tailored
functionalities through highly efficient phase shifting and polarization conversion. However, conventional designs with a single metasurface element produce vortex beams with
fixed OAM of `h̄ which limits the potential application areas. In this study, we propose
and design a metasurface doublet lens structure having the property of generating variable
modes controlled by the rotation angle. Inspired by Moiré-lenses, the proposed structure
consists of two all-dielectric metasurfaces where the second lens has the reverse phase profile compared to the first one. This causes the cancellation of the total phase shift at the
nominal position. In our design, we rotate the second element with a discrete set of angles from 0 to 5.6 degrees with respect to the optical axis and obtain a set of the modes
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from ` = 0 to 4. We demonstrate that the structure converts the input plane wave to the
vortex beams with OAM modes as a function of the rotation angle. We model the unit
cell structure working at wavelength 532 nm a with circular cross-section, fixed height and
variable radius titanium dioxide nanopillar on a fused-silica substrate. Nanopillar locations
are distributed in a square lattice form with subwavelength periodicity which is suitable
for conventional microelectronics fabrication methods. We believe our design can be used
in optical trapping to detect different sizes of micro-particles and to create reconfigurable
microoptomechanical pumps.

5.1

Introduction

The orbital angular momentum of light has been intensely studied over the last decade after
the theoretical foundation by Allen et al [93]. It has been shown that Laguerre-Gaussian
beams of light possess orbital angular momentum (OAM) `h̄ per photon where `, vortex
beam mode, represents the number of phase twists of the helical wavefront. Theoretically,
` has a range from −∞ to ∞, which introduces an additional degree of freedom to the beam
front. The twisted nature of the beam introduces a phase singularity at the center of the
vortex with a doughnut shape intensity. This special property of the vortex beams has been
used in many areas such as optical trapping [94, 95], digital imaging [96], optical communications [97, 98] and interferometry [99]. The realization and experimental verification
of the vortex beams has been done with different methods. Birefringent materials [100],
spiral phase plates [101] and computer-generated holograms [102] are the most commonly
used systems to create such beams. However, they exhibit difficulties if miniaturized and
ultra-compact systems are demanded for a number of applications.
Metasurfaces, 2D engineered ultra-thin structures, have gained much attention due to
their superior performance for polarization control and wavefront shaping [35, 36, 38, 41,
42, 44–46]. They provide sub-wavelength sampling with high transmission values, which
make them good candidates to explore the physics of the vortex beams for miniaturized
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Figure 5.1: A rotationally tunable metasurface doublet generates vortex beams with different modes indexed by `. a, The unit structure of a metalens consists of a nanopillar on top
of a fused silica substrate. The diameter, d, of the nanopillars are variable. The period, P,
and height, h, are fixed. b, Schematic representation of a doublet structure c, Wavefronts of
the generated vortex beams with ` = 1,2, and 3. d-f, Phase distributions of the first element
(d), second element (e), and combined system (f) for ` = 1 of converging beam.
sizes. Recently, some groups have experimentally verified metasurface-based spin-toorbital angular momentum conversion, non-diffracting Bessel and focusing beam generations [14, 31, 103–105]. However, such designs provide a fixed phase modulation for a
given structure. This limits the potential application area if active control of the wavefront
is needed. This requirement can especially be vital for optical trapping if different size
objects are examined at a time. Tuning the geometry of the beam’s doughnut shape would
allow optical trapping of different sizes of micro- and nano- particles.
In this study, we propose and design a doublet structure having the property of gener-
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ating variable beam modes controlled by the rotation angle. Inspired by Moiré-lenses, the
proposed structure consists of two cascaded metasurfaces that are mutually rotated around
the optical axis to generate alternative wavefront shapes. Similar design principles based
on the mutual rotation of the elements have already been used for zoom lens design which
requires varying only the radial phase dependence. [80, 86]. In our design, each metasurface provides a phase shift distribution in the transmission mode as the function of radial
,r, and azimuthal coordinate, ψ. In the nominal position, the second metasurfaces cancels
the phase shift of the first metasurface so that the overall transmission function has no azimuthal dependence. We rotate the second element around the optical axis with a discrete
set of angles, θ , and demonstrate that the structure converts the input plane wave to the vortex beams. Each angle provides different phase modulation with an azimuthal dependence
in the form of exp(i`ψ). Phase modulation in the radial direction is also manipulated to
improve the functionality of the design. First, we added focusing to our structure so that
the doughnut shape can be localized in a predetermined region. Second, we altered the
phase profile to create higher-order Bessel beams. Our design provides demanded active
phase control over the incident beam with high transmission values.

5.2

Design and Simulation

Diffractive optical elements (DOE) can be used to generate OAM of light. In particular, a
diffractive doublet can generate non-zero vortex mode which is actively controlled by the
mutual rotation angle of the elements [80]. In fact, it can be any thin optical element (TE)
which is capable of modulating the target phase profile over the radial and angular coordinates. TEs are assumed to manipulate the incident light through complex transmission
functions as

T1 (r, ψ) = exp[iΦ(r, ψ) + iΨ(r)], and

(5.1)

T2 (r, ψ) = exp[−iΦ(r, ψ) + iΨ(r)].

(5.2)
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where r, ψ are radial and azimuthal coordinates over the TE surface. The first exponential
term is a separable function having form Φ(r, ψ) = Φr (r)Φψ (ψ). Rotation of the second
element in an amount θ with respect to the optical axis will produce a total transmission
function as





dΦψ (ψ)
1 d 2 Φψ (ψ) 2
θ−
θ + ... + 2iΨ(r) .
T (r, ψ; θ ) = exp iΦ(r)
dψ
2 dψ 2

(5.3)

Setting the terms Φ(r, ψ) = bψ 2 and Ψ(r) = ar will give an approximate transmission
function in the form

Tbessel (r, ψ; θ ) ' exp(i`ψ + 2iar − ibθ 2 )

(5.4)

where a and b are constants, and ` = 2bθ . The transmission function produces a nondiffracting vortex beam or so-called zero-order Bessel beam with OAM [104]. Tbessel produces a non-diffracting beam which propagates in free space with a minimal spread over a
distance and with numerical aperture (NA) value equal to aλ /π [106]. For integer values
of ` transmitted light carries a non-vanishing vortex mode with orbital angular momentum
of h̄` per photon. Different modes may be obtained for a discrete set of rotation angles. Fig.
5.1c shows the wavefront of propagating beams for ` = 1,2 and 3. Another set of phase
modulation terms are Φ(r, ψ) = ibψ 2 and Ψ(r) = ar2 which provide a total transmission
function as
Tconv (r, ψ; θ ) ' exp(i`ψ + 2iar2 − ibθ 2 ).

(5.5)

The transmitted light of wavelength λ is focused at the focal length f=π(2λ a)−1 and is
now a converging vortex beam.
Figure 5.1d-e show the phase modulation of the converging beam over the TEs with
entrance pupil diameter (EDP) 20 µm and f = 20 µm. Fig. 5.1f shows the total phase
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modulation over the doublet structure for ` = 1. However, the same structure can form
another sector for ` = −2a(2π − θ ) which may cause unwanted results. This is due to the
indistinguishable two rotations θ and 2π − θ . The unwanted sector area may be minimized
by choosing high ”b” values. However, this may further cause a rapid phase change in
the neighborhood of the origin and sampling may be not enough to obtain the desired
functionality. We set b = 8 which is a good trade-off between the sector area and the
sampling around the origin.
We use metasurfaces as the thin elements to obtain the desired phase modulation. Metasurfaces are good candidates due to their sub-wavelength phase sampling and high transmission values. To simulate the device performance, we choose a TiO2 nanopillar on top
of the fused-silica substrate as the unit cell structure. A square lattice basis is employed
with a period of P = 250 nm. We sweep the diameter of nanopillar from 100 to 220 nm
and illuminate the pillars with a plane wave light source at wavelength λ = 532 nm. We
use periodic and perfectly matching layer (PML) boundary conditions for the transverse
and longitudinal directions, respectively. The phase modulation and transmission plots are
given elsewhere [107].
We tested our design with 20 µm entrance pupil diameter (EPD) size metasurface doublet. Fig. 2.1a shows the schematic of the doublet structure. We impose PML boundary
condition for all directions and use circularly polarized total-field scattered-field (TFSF)
light source at wavelength λ = 532 nm. The distance between the elements is to be set
based on the Talbot distance, p2 /λ . We choose an integer multiple of the aforementioned
distance, 470 nm, to ease fabrication constraints.
We demonstrate and tabulate the simulation results of Bessel beams with respect to corresponding modes as shown in Fig. 5.2. Figure 5.2a shows the field intensity distribution
in the longitudinal plane. The field intensity at the horizontal cut at z = 15.5 µm is shown
in Fig. 5.2b. Figure 5.2c shows the phase shift of the transverse component of the electric
field at the corresponding horizontal cut. The number of phase sectors is in agreement
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with the corresponding ` values, which indicates that the transmitted light propagates with
non-vanishing vortex modes. We show the magnitude of the transverse component of the
electric field in Fig. 5.2d.
We also simulated converging beams with ` = 1, 2, 3 and 4. as shown in Fig. 4.2. The
power intensity distribution in the xz plane crossing the optical axis is shown in Fig. 4.2a.
We plot the phase shift distribution at z=20 µm in Fig. 4.2b. The power intensity distribution in the same location is shown in Fig. 4.2d. The phase structure of these beams
indicates that they carry OAM; however, the vortex is distorted and the intensity distributions are asymmetric.
The results above show that the Bessel beam generating optics more accurately match
the target mode profile. Thus, we check their performance against several design criteria.
First, we compare our simulation results and theoretical intensity profiles. Fig. 5.4a-d
show the comparison between the simulated intensity profiles at z = 15.5µm and fits of
theoretical Bessel functions for different ` values. Second, we evaluate the mode overlap
integral which gives a measure of how well the simulated and theoretical field distributions
match. The electric field for a theoretical Bessel beam generated by a thin structure is given
in cylindrical coordinates (r, ψ, z) as [108]

Eth (r, ψ, z) = A exp(ikz z)Jn (kr r) exp(inψ)

where A is the amplitude of the electric field, kz =

2π
λ

√
1 − NA2 and kr =

(5.6)

2π
λ NA.

The mode

overlap integral equation reads
|
ηOI = RR

RR
S

∗ (x, y)dS |2
Eth (x, y) · Esim

| Eth (x, y) |2 dS

S

RR

| Esim (x, y) |2 dS

(5.7)

S

S and Esim are the integration area and simulated transverse electric field component at
z = zo respectively. As an approximation, we limit the integration area such that S defines
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a circular area centered at the origin and having a radius two times full-width at halfmaximum (FWHM) which can be expressed as

FWHMJ` =

ξ`
a

where J`2 (ξ` ) returns half of the global maxima. [108]. We set ξ` = 2.25, 1.83, 3.92, 5.98
for ` = 0, 1, 2, 3, respectively. Figure 5.4a shows the results for the discrete set of ` values.
We obtain 90% mode overlap on average. Third, we check the focusing efficiency which
measures the ability of the design to direct radiation to a predetermined area. The efficiency
of a Bessel beam carrying vortex mode ` is defined as the ratio of the total power within an
on-axis circle in the xy plane at z = 15.5 µm having radius twice the FWHM and the total
incident power on the metasurface. A maximum efficiency of 38% is obtained when ` = 3.
The average of the efficiency values is 28%. Last, we check the transmission efficiency as
the ratio of the integrated power of the transmitted light and the total power of the incident
light to the structure. The average transmission efficiency is 71%.

5.3

Conclusion

In summary, we have presented a rotationally tunable metasurface doublet for vortex beam
generation. We designed the radial and azimuthal coordinate dependence of the phase modulation and tested two different functionalities. First, we generated Bessel beams which
have non-diffractive property. Second, we included a kinoform phase profile to the target
phase shift so that the propagating beam is focused on a designated point. For both cases,
we showed that mutual rotation of TEs produces vortex beams distinguished by their vortex
modes, `. We evaluated the device’s performance with several design criteria and validate
our results. We believe that our design can find an area of usage in telecommunications
and optical trapping where the active OAM and vortex control is demanded.
Copyright© Fatih Balli, 2021.
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Figure 5.2: Simulation results for Bessel beam generation. We obtain different ` values
depending on rotation angle, θ . From top to the bottom row, corresponding angles are
θ = 0◦ , 3.58◦ , 7.16◦ , 10.7◦ , respectively. EPD and NA are 20 µm and 0.54, respectively a,
Power intensity distribution on top of the doublet structure in y=0 plane b, Power intensity
distribution in focal plane c, Phase of the transverse component of the electric field d,
Magnitude of the transverse component of the electric field.
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Figure 5.3: Simulation results for converging beam generation. From top to the bottom
row, corresponding angles are θ = 1.4◦ , 2.8◦ , 4.2◦ , 5.6◦ , respectively. EPD and NA are 20
µm and 0.45, respectively a, Power intensity distribution on top of the doublet structure
in y=0 plane. Incident light is focused at z=20 µm b, Power intensity distribution in focal plane c, Phase of the transverse component of the electric field d, Magnitude of the
transverse component of the electric field.
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Figure 5.4: Efficiency measurements and comparison of simulated and theoretical results.
a-b-c, Coupling, focusing and transmission efficiency measurements for different ` values.
d-e, Comparison of Bessel function and the intensity distribution. Red and black colors
represent Bessel function fit and the simulated intensity at the height z = 15.5 µm, respectively. From left to right we have ` = 0, 1, 2, 3.

63

Chapter 6
Summary and Future Work
In summary, we extended the capabilities of the metasurface concept by using the twophoton lithography technique. We introduced a novel hybrid unit cell structure that is not
accessible through single-layer lithography. We have shown that the fabrication technique
can be used for different design purposes. To test the efficiency of our approach, we handle
some engineering problems such as chromatic aberration correction and focal length tuning
of an optical system through the action of rotation. First, we explore the hybrid unit cell
structure that combines a nanopillar and a phase plate. Chromatic aberration correction is
achieved in the NIR regime with high performance. Second, replacing the pillars with holes
extended the range of the corrected spectrum from visible to the NIR. The same technique
is applied to the zoom lens where the elements’ mutual rotation can alter the optical power.
Finally, we design a high-index diffractive doublet that generates converging and Bessel
beams carrying non-trivial orbital angular momentum. Similar to the diffractive zoom
lens, the action of mutual rotation generates beams with different vortex modes.
Many design cases based on conventional diffractive optics are adaptable to the metasurface concept. As an example, we designed an achromatic diffractive doublet to propose a hybrid achromatic metalens. We provide an analytical phase shift formula so that
extended library of group delay and group delay dispersion and intensive computational
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search requirements are eliminated. As proof of concept, we show that the design can
achieve aberration correction for various aperture sizes with high efficiency. Second, we
adapted diffractive varifocal Moiré-lenses to metasurface concept and showed that a metalens doublet can achieve the same functionality.
With the advances in micro and nano fabrication techniques, some research groups
fabricated large size metasurfaces. Single-layer lithography is implemented to achieve a
millimeter sized metalens with high performance. As a comparison, we achieve 300 µm
aperture size through two-photon lithography. A future goal is to fabricate a larger achromatic metalens doublet which can be used in place of conventional refractive doublets. We
believe that large 3D metalens can be used for space and surveillance systems due to the
light-weight and ultra-broadband operating spectrum.
Active wavefront shaping through metasurfaces has been widely investigated in recent
years. Many research groups have studied magnetic, mechanical and thermal actuation
of metasurface elements [79, 109–111]. Similar principles have been applied to the various optical & mechanical elements fabricated through TPL [112, 113]. Mechanical and
magnetic actuation of the varifocal zoom lens is a promising candidate for future research.
Different from than single-layer lithography technique, TPL provides single-step printing
without challenging mounting and alignment procedures. Active control of the mutual rotation angle can provide tunable optical power of the system without altering the distance
between the elements.
To summarize, metasurfaces are one of the most promising candidates to replace conventional refractive lenses with ultra-lightweight, low-loss, and high functionality counterparts. With the new advances in fabrication techniques and material choices, the metasurface concept will continue growing to become cutting edge technology in optical science.
The introduction of 3D control of metasurfaces, which contrasts with 3D periodic metamaterials, will open additional paths to improved performance and enhanced functionality.
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Appendices
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Design Steps of Monochromatic Hybrid
Metalens
Metasurface design requires several design steps. Below, we explore the steps and checkpoints in the process of a metasurface design. Fig..1 shows the flowchart of a metalens
design. First, we set the design specifications of a metasurface based on its functionality
and performance requirements. In this example, we will explore the design steps of a metalens with design parameters λd = 1 µm, NA = 0.2 and EPD=10 µm. Wavelength and NA
specifications limit the maximum size of the period, P, based on subwavelength periodicity
and Nyquist criteria (P <

λd
2NA ).

For a low NA system, the former requirement is dominant

and rules out lower resolution fabrication techniques.
The next step is to determine the unit cell structure compatible with the selected fabrication process. A simple unit cell geometry is a pillar structure sitting above a substrate.
The most common substrate selection is fused silica which has the refractive index 1.46 at
λd . Material selection is based on commercial availability, fabrication simplicity and suitable refractive index. In particular, refractive index is chosen based on two criteria: First,
back scattering is minimized if d ≈ λ /n [114]. Second, the top material refractive index
should be higher than the substrate so that effective refractive index of the unit cell can
match the substrate and reflection at the boundary is minimized. IP-Dip photoresist is suitable selection due to slightly higher index at λd as n=1.54 [67]. Height, h, and diameter, d,
of a pillar can be chosen as the free parameters. An important remark is in order: For most

67

of the lithography techniques, sweeping through height is not feasible due to challenging
multi-step fabrication. On the other hand, a sweep through a limited range of radii may
not provide enough phase shift to achieve full wavefront control. This necessitates the use
of a high-index material. Fortunately, multi-photon lithography can provide simultaneous
height and radius control without a complex fabrication process.
Upon determining the unit cell geometry, we print a 10x10 nanopillar matrix with a
fixed period, height and radius. As an example, Fig. 2.5 shows a nanopillar matrix with
h=1.5, d=0.5 and P=1 µm. We repeat the same procedure by sweeping these three parameters to explore the fabrication limitations. We determine the reliable limits as h=0.8-2.0
µm and d=0.275-0.550 µm. The next step is to perform several simulations to measure the
outcomes for different unit cell geometries. In this example, we measure the phase shift
and amplitude of the averaged field above the structure. We sweep both parameters within
the pre-determined ranges. Some important simulation settings are in order: We use periodic and PML boundary conditions at the transverse and longitudinal planes, respectively.
We choose an auto non-uniform mesh size to satisfy a good trade-off between memory,
accuracy requirement, and simulation time. We use normal angle plane-wave light source
at a distance λd below the interface. We extend the light source’s size so that it crosses
the transverse boundaries of the unit cell. This reduces diffraction effects at the source
boundary. We measure the transmission by locating a 2D power monitor on the transverse surface above the pillar. We locate a 1D phase monitor at the transmission surface
where the transverse coordinate matches the optical axis to measure the average phase shift
directly.
The phase shift as the function of radius and height is given in Fig. 2.3a. The maximum
value reads 2 rad which is below 2π rad. A necessary performance check, building a phase
library with 0-2π phase coverage, is not satisfied. We return to the previous step where
unit cell and fabrication limitations are explored. We introduce another sweep parameter
by adding a square cross-section phase plate (PP) under the pillar structure. The thickness,
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Figure .1: A flowchart showing the design steps for a metasurface.
t, of the phase plate is set as a variable. We repeat the fabrication reliability test and unit cell
simulations with an additional sweep parameter. We observe that the phase shifts through
isolated PP and nanopillar structures can be summed to obtain the phase shift, φ (h, d,t), of
the hybrid unit cell. Using nanopillar sweep results and the phase plate formula, φPP (t) =
2π(nd −1)
, we obtain the approximate phase shift library with an error margin less than 0.4%.
t

Next, we set the target phase profile, φ (x, y) at the set of discrete coordinates (x, y) over the
interface. We determine the set of geometric parameters (h,d,t) over the interface so that
the penalty function

f (h, d,t) = ∑ |eiφ (x,y) − T (h, d,t)eiφ (h,d,t) |

(1)

x,y

is minimized.
We perform a simulation to check the design performance of the entire lens. The totalfield scattered-field light source is located at a distance λd below the interface. We set the
simulation region so that the boundaries do not cross the light source. We impose symmetric and anti-symmetric boundary conditions at the minimum x and y-boundaries to decrease
the simulation time by a quarter. This selection is possible due to the mirror symmetry of
the metalens at x=0 and y=0 planes. Longitudinal and maximum transverse boundaries are
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b
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1

1
Normalized Intensity

Normalized Intensity

0

0

Figure .2: Simulation Setup of a metalens. a, Simulation of the unit cell. A nanopillar on
top of the fused silica substrate is simulated under plane-wave illumination where the pink
arrow represents the propagation direction. The light source is positioned at a distance λd
from the interface. The red dot is the phase monitor located at the center of the transmission
plane represented by the yellow section on top of the pillar. b, Simulation of the whole
structure. TFSF light source is used where the gray rectangle represents its boundary. c-d,
From left to right, we plot the field intensity at the y=0 and focal planes.
set to perfectly-matching layers so that light is absorbed and is not reflected. The mesh
setting is the same as we use for the sweep simulation. To implement a performance test,
we locate two power monitors at y = 0 and z = f planes. The former provides the field
intensities along the optical axis. The longitudinal coordinate where maximum field intensity is found is labeled as the simulated focal length. The latter gives the power intensity
at the desired focal plane to measure FHWM, focusing efficiency and Strehl ratio. A failed
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performance check may result in an update in unit cell structure or parameter ranges. Upon
passing the performance criteria, one can continue on to fabrication and experimental verification phases.
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Two-Photon Lithography
Two-photon lithography (TPL) is a 3D micro&nano fabrication process based on twophoton absorption (TPA). A high NA immersion mode apochromatic objective focuses
a femtosecond laser pulse into a localized region to excite photo-initiator particles and
initiate the polymerization process [115]. Since absorption probability is proportional to
the second power of the light intensity, absorption is strongly localized to the vicinity of
the focal point. The polymerized region is called a voxel, the main building block of the
complex 3D structures. A schematic of the voxel volume is shown in Fig. .3a. The width of
λ
). This implies that smaller feature sizes
the ellipsoid can be approximated by FWHM ( 2NA

can be obtained by implementing higher NA objectives. For example, a 1.4 NA objective
under 780 nm wavelength light illumination can create a focus region with FWHM∼ 280
nm. A formula after several experimental tests gives the voxel width as [115]
0.65λ
dvoxel = √
·
2NA0.91

(2)

The same NA and wavelength give dvoxel = 262 nm, comparable to FWHM given
above. Therefore, the selection of high NA is critical to obtain smaller features. As
shown in Fig. .3b, TPA occurs above the polymerization-threshold. The definition of
voxel volume based on threshold energy may not be sufficient since the laser power (LP)
and exposure time can alter the voxel dimensions. Contrary to threshold energy, it is not
well understood how these two parameters affect the voxel size [118–121]. That is why a
parameter sweep is an important technique to obtain the best quality features.
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a

b

Figure .3: Voxel size and two-photon polymerization (TPP) threshold of TPL. a, Schematic
of the voxel volume is given. The shape can be approximated as ellipsoid where the width
is determined by threshold energy [116]. b, Squared-intensity distribution in the transverse
plane is given. The polymerization occurs above the polymerization-threshold represented
by the dashed line [117]
As an example, we fabricated several sets of nanopillars by sweeping the laser power.
The aim was to measure the width of the pillars for a given LP setting. Pillars are fabricated
using a Nanoscribe Photonic Professional GT and IP-Dip photoresist (Nanoscribe GmbH,
Germany) with a 63× objective in dip-in mode. We implemented two different coordinate
control mechanisms referred to as Galvo and Piezo modes. The former relies on two galvo
mirror scanners where precise control of x and y-coordinates is achieved by simultaneous
control of the mirrors’ tip and tilt angle. The latter uses a piezo electrical stage to access the
different z-coordinates within the printing volume [122]. Experimental results reveal that
the nanopillar fabrication controlled by the piezo stage can provide more durable structures
with a higher aspect ratio. The pillars are introduced as a line where the length controls
the pillar height. Although it provides the most-precise stage control and smallest voxel
size, piezo stage-only control printing has some drawbacks: First, the fabrication process
takes longer than the galvo scanning. Second, the interface location between the resin and
the substrate needs to be updated after a certain period. As explained in chapters 3-4, we
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a

b

c

d

e

f

Figure .4: Fabrication of zoom lenses by different laser powers. From left to right, laser
powers are set as 14, 15 and 16 Mw. Scale is 7 µm. a-b-c, Fabricated zoom lenses including
contours. d-e-f, Fabricated zoom lenses without contours.
introduced an alternative unit cell structure based on nanoholes which can be fabricated
through a galvo stage scanning only. Same LP scanning is applied for the unit cells to
control the width of the holes. We observed that introducing contours causes undesired
hole fillings while the no-contour case introduces some sharp corners between the unit
cells. Fig. .4 shows some sweep examples for the doublet zoom lenses with and without
contours. Experimental results reveal that a nanohole-based metalens fabrication gives
better performance if one avoids contours.
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